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 ABSTRACT 
 
Construction and demolition (C&D) waste has been investigated in few studies about its 
potential leachate contaminants. Hydrogen sulfide has also been recognized as a problematic gas 
emitted from landfills. Sulfate reducing bacteria has been identified for hydrogen sulfide 
production from sulfate leaching from gypsum drywall in C&D waste. In order to determine the 
true nature of the degradation of C&D waste in landfill condition and then provide more data for 
managing C&D waste, the objectives of this research consisted of examining the potential 
contaminants from the C&D leachate and evaluating hydrogen sulfide generation from C&D 
waste in a simulated scenario with a favorable temperature for microorganisms and a high 
rainfall simulation. Leachate and gas samples were collected from the laboratory column. A 
number of analysis was performed: pH, conductivity, oxidation and reduction potential, 
dissolved oxygen, chemical oxygen demand, total organic carbon, chloride, alkalinity, sulfate, 
sulfide, metals, total solids and total dissolved solids; for gas samples, gas flow rate and 
hydrogen sulfide concentration. The leachate results were compared with those from other 
studies conducted under room temperatures and were also evaluated by drinking water standards. 
It is concluded that iron, manganese, sulfate and total dissolved solids were the most likely 
contaminants from C&D waste. Among those contaminants, iron, manganese, and total dissolved 
solids exceeded the secondary drinking water standards while sulfate exceeded the standard limit 
in the first 400 days of the total experimental duration of 1,000 days. In this study, sulfate 
reducing bacteria showed strong activities resulting in elevated sulfide in the leachate and 
hydrogen sulfide gas emission. Sulfide level in the leachate went up to 400 mg/L and hydrogen 
sulfide gas concentration reached up to 80,000ppmv. This high concentration of hydrogen sulfide 
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gas may pose severe problems to the environment and neighborhood near C&D landfills. 
Furthermore, about 32% of sulfate in drywall was converted by sulfate reducing bacteria to 
sulfides: 11% as hydrogen sulfide gas and 19% present in the solid phase as mostly metal 
sulfides. Compared with municipal solid waste landfill leachate, the leachate from construction 
and demolition landfill was less problematic. The main reason was that C&D waste contains less 
of easily biodegradable materials. However, the results from this study demonstrated that in the 
area with high temperature and humidity, hydrogen sulfide problems will be of a great concern. 
This laboratory experiment provided valuable data on C&D leachate quality and hydrogen 
sulfide generation from C&D waste. The results could contribute to developing treatment 
strategies for C&D landfills leachate and gases as well as helping landfill operators and 
regulatory agencies to better manage C&D waste at landfills.  
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1 Introduction 
1.1 Problem Statement 
In recent years, construction and demolition waste (C&D), one of the larger fractions of solid 
waste, has received rising attentions due to its potential contamination to the environment. C&D 
waste is generated from the construction, renovation, repair, and demolition of structures such as 
residential and commercial buildings, roads, and bridges. In 2003, total C&D waste was 
estimated to be 350 million tons in the United States [1]. The main components of C&D waste 
include wood products, asphalt, drywall, masonry, metals, plastics, earth, shingles, insulation, 
paper and cardboard. However, the composition of C&D waste may vary from state to state in 
the U.S. and from country to country over the world. Minor amounts of other components 
include electrical wire, carpet, lead-based paint, mercury vapor lamps, and solvent containers and 
so on. A majority of C&D waste is disposed of in C&D landfills. An estimate of 20% to 30% of 
C&D waste is recycled, such as concrete, wood, and drywall. A very small amount of C&D 
waste goes to combustion. Historically, C&D waste is considered inert and poses minimum 
threat to the environment. Therefore, U.S. federal regulations do not regulate C&D landfills, and 
most states do not require the same level of environmental protection (e.g. landfill liners, 
leachate monitoring system, etc) for C&D waste disposal facilities. 
As wastes are placed in landfills, rainfall and decomposition of organics result in the increase of 
moisture. Leachate is produced when the moisture reaches the capacity of waste. The increase of 
moisture also improves the physical, chemical, biological processes in landfills. Since the middle 
of 1990s, with very little attention given to leachate from C&D waste, a few studied were 
conducted to characterize the leachate generated from C&D waste landfills [2-8]. As a result, it 
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has been realized that detrimental environmental impacts are possible. Adverse impacts of C&D 
waste on the environment are multiple, among which a major one is taking up large amount of 
land resource for landfill disposal. One of the primary contaminations to the ground and surface 
water results from trace amounts of toxic constituents, including organic compounds or heavy 
metals from small amounts of hazardous chemicals (e.g., paint, electronic instruments, organic 
solvent, etc).  
Gas production is also accompanied with waste decomposition. C&D landfills received 
complaints from neighborhood about odor problems. Studies have been conducted to examine 
the cause of odor problems and it’s concluded that reduced sulfur compounds, especially 
hydrogen sulfide are the main source of odor. The presence of drywall (CaSO4.2H2O) is the 
reason of the problem. When drywall gets wet, sulfate leaches out and a very strict anaerobic 
bacteria, sulfate reducing bacteria, converts sulfate to sulfides, resulting in the production of 
hydrogen sulfide. Studies have been performed to evaluate the hydrogen sulfide concentrations 
in the atmosphere of C&D landfills. A small number of laboratory experiments were also 
conducted to study the impacts of main C&D materials on its generation [9, 10]. These studies 
provided some characterization data about C&D leachate and gases. However, there is still a lack 
of data to characterize the generation of hydrogen sulfide from C&D landfills. Additional 
knowledge of the leachate and gas from C&D waste would help determine whether C&D 
landfills need to be regulated and the existing requirements for C&D landfills are strict enough.   
 
1.2 Scope of Research 
The research presented in this thesis was conducted to further evaluate the decomposition of 
C&D waste in a microorganism-favored condition, including both leachate and gas 
  
3 
 
characterizations. A laboratory column study was used to simulate C&D waste landfills. 
Leachate and gas samples were collected from this column and then analyzed for a number of 
parameters.  This column was temperature-controlled at 37 °C to assure the strongest biological 
activities which also simulated the decomposition of C&D waste in tropical areas. The results are 
presented and discussed in a manner similar to the studies that evaluated the degradation of 
landfilled municipal solid waste (MSW). 
1.3 Objectives 
To examine the gas and leachate characteristics from C&D landfills in an elevated-temperature 
condition, a 10 feet height column with a diameter of 2 feet was designed and constructed to 
simulate C&D landfills. The column was a freestanding vessel that was filled with synthetic 
C&D material with gas collection and leachate circulation systems. The objectives of this study 
are the following. 
1) Leachate characteristics from a C&D landfill simulator 
Several C&D leachate studies have identified potential problematic contaminants to groundwater 
contamination. However, many conclusions heavily relied on survey data and limited studies 
were available with regard to C&D waste decomposition occurring within landfills. Although 
Jang’s studies [11] have characterized the leachate from C&D waste in a laboratory scale at 
room temperatures, the simulators were designed only for leachate characterization. To further 
understand the characteristics of C&D leachate and its impacts on the surrounding environment, 
more leachate data from large-scale C&D studies are needed. Therefore, in this study the long-
term leachate characteristics were evaluated at a microorganism-favored condition which 
simulated the worst-case scenario that may occur in landfills. 
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2) Hydrogen sulfide generation from a C&D landfill simulator 
Odor problems represent a growing concern at many landfill sites disposing of C&D waste due 
to hydrogen sulfide generation from gypsum drywall. Studies have been conducted to evaluate 
hydrogen sulfide in C&D landfills. However, the long-term evolution of hydrogen sulfide from 
C&D landfills was not clear yet and the potential parameters that may affect its generation were 
not thoroughly discussed. More gas characterization data are needed in order to assess its 
impacts and then to help with treatment strategies. In a C&D landfill, what’s the trend of 
hydrogen sulfide gas emission? What will hydrogen sulfide end up to: gas, metal sulfides or 
other forms? What’s the potential of SRB converting sulfate to sulfide? Those questions should 
be answered in order to understand the decomposition of C&D materials and thus to better 
manage C&D waste.  
 
Therefore, the current study not only characterized the long-term leachate quality, but also 
evaluated the hydrogen sulfide generation. This would provide a better understanding of the 
degradation of C&D waste, and also help with the treatment strategies and regulations. 
1.4 Organization of Dissertation 
This thesis is organized into a series of five chapters followed by appendices. Chapter 2 presents 
an extensive review of the literatures with regard to C&D waste, and previous C&D waste 
studies. Chapter 3 presents the methodology used in the study of the degradation of C&D waste. 
Chapter 4 presents the results and discussions of the characteristics of leachate from the C&D 
simulator and hydrogen sulfide generation. A final chapter provides conclusions and 
recommendations for further research. The appendices include raw data from this experiment.  
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2 Literature Review 
2.1 C&D Waste Composition 
Construction and demolition (C&D) waste is generated from the construction, renovation, repair, 
and demolition of structures such as residential and commercial buildings, roads, and bridges [1]. 
C&D waste is a large solid waste stream, accounting about 30%-50% of total solid waste stream 
[12]. In 2003, total C&D waste was estimated to be 325 million tons in the U.S. [13]. The 
primary components of C&D waste include wood products, drywall, concrete, metals, plastics, 
roofing, insulation, and cardboard. Among them, wood, the largest fraction of C&D waste 
including untreated wood and treated wood accounts for 40% (by weight) followed by drywall, 
about 27% (by weight) as shown in Figure 2-1 [1]. Table 2-1 shows some examples of the 
typical components of C&D materials [14].  
Figure 2-1 Construction and Demolition Waste Composition in the United States 
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Table 2-1 Typical Components of Construction and Demolition Materials 
Material Components Content Examples 
Wood Forming and framing lumber, stumps/trees, engineered wood 
Drywall Sheetrock (wallboard) 
Metals Pipes, rebar, flashing, wiring, framing 
Plastics Vinyl siding, doors, windows, flooring, pipes, packaging 
Roofing Asphalt, wood, slate, and tile shingles, roofing felt 
Glass Windows, mirrors, lights 
Miscellaneous Carpeting, fixtures, insulation, ceramic tile 
Cardboard From newly installed items such as appliances and tile 
Concrete 
Foundations, driveways, sidewalks, floors, road surfaces (all concrete containing 
Portland cement) 
2.2 C&D Waste Management 
C&D waste is managed in a variety of ways, including landfilling, reuse, and recycling as well as 
combustion. The most common management method is disposal of in landfills, including C&D 
landfills and MSW landfills.  
2.2.1 Landfilling 
Landfilling is considered cost-effectively and also the easiest solid waste management method. 
The majority of C&D waste goes to C&D landfills and a very small amount may also be dumped 
in MSW landfills, such as plumbing and electrical fixtures, lumber, and other replacement or 
improvement building materials. In the U.S., the total amount of C&D landfills was estimated to 
be about 1900 in 1994 [15]. As shown in Figure 2-2, the numbers of C&D landfills vary from 
state to state. Florida has the most C&D landfills, about 277 while New Hampshire has no 
specific C&D landfill.  
C&D landfills were historically considered inert. It is estimated that about 65 to 85 percent of 
C&D waste is disposed of in landfills with little or no leachate collection system. However, 
survey studies have shown that the leachate from C&D landfills could cause contamination to 
groundwater and surface water and also laboratory studies demonstrated that heavy metals may 
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be one of the concerns due to the disposal of painted wood, electrical wires, and batteries. In 
addition, disposing of chromated copper arsenate (CCA) treated wood has been approved to pose 
high risks to the environment as arsenic leaches out from CCA wood resulting in higher levels of 
arsenic and thus causing toxicity affect. Therefore, in 2003, the production of CCA-treated wood 
for residential applications became a violation of the manufacturers' labels approved by U.S. 
EPA and treated wood has to be dumped in permitted landfills. 
 
Figure 2-2 Numbers of Construction and Demolition Waste Landfills in the United States (source: U.S. EPA, 
1998; Current Results (http://www.currentresults.com/), 2015) 
2.2.2 Recycling 
Recycling has received rising attention because it saves landfill space, reduces the environmental 
impact, creates jobs, and can potentially reduce costs. The potentially recoverable materials 
within the C&D waste stream include paper, plastic, wood, textiles, glass, metals, concrete, 
asphalt, bricks, drywall, roofing materials, and reusable fixtures [15]. If those materials are not 
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contaminated severely, they can be recovered and processed into recycled-content products. It is 
estimated that about 20 to 30 percent of C&D waste was recycled in 1994 [14].  
The materials most frequently recovered and recycled are concrete, asphalt, metals, and wood. 
To a much lesser degree, gypsum drywall and asphalt shingles have been processed and recycled.  
 After any metals are removed from Concrete, it can be used as a replacement for road-
base gravel. Concrete also can be used as an aggregate in asphalt.  
 Wood waste can be reused in many ways, such as mulch, composting bulking agent, and 
fuel.  
 Metals, such as copper, ferrous metals and brass, have the highest recycling rates among 
the materials recovered from C&D sites.  
 The recycled roofing asphalt can be reused as hot mix asphalt paving products, cold mix 
asphalt paving products, and new roofing materials.  
 Drywall is being recycled in the manufacture of new drywall. Recovered drywall has 
also been used as animal bedding, cat litter, and as a soil amendment [15]. 
The U.S. EPA has targeted C&D materials for reduction, reuse and recovery as part of its 
Resource Conservation Challenge (RCC). The RCC is a national effort to conserve natural 
resources and energy by managing materials more efficiently. The recently-issued Executive 
Order 13423 requires all federal construction, renovation, and demolition projects to achieve a 
50% recycling rate where markets or on-site recycling opportunities exist [14].  
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2.3 C&D regulation in the United States 
2.3.1 Federal Regulations  
Under Resource Conservation and Recovery Act (RCRA), C&D waste is not included as a listed 
hazardous, so the U.S. EPA does not specifically regulate it. However, C&D waste can 
potentially be a hazardous waste. For example, C&D materials containing elements such as lead, 
mercury, cadmium, and arsenic may be toxic waste, and also if materials are painted or 
contaminated with toxic chemicals (e.g., coated with lead-based paint), they can be hazardous. 
However, it is impossible that an entire structure would require management as a hazardous 
waste due to the relatively trace amount of toxic elements compared to the rest of the C&D 
materials [16]. 
2.3.2 State Regulations  
Most states have their own C&D waste management requirements, including defining what 
waste materials are considered C&D waste and what components must be excluded. 
Requirements for groundwater monitoring, liner construction, site restrictions, financial 
assurance, training requirements, and recycling vary from state to state. These variations are 
primarily a result of the unique characteristics of each state such as annual rainfall, annual 
temperature range, land availability, and geologic stability, as well as perceptions by local 
policymakers and regulator as to the relative risk that C&D waste poses to human health and the 
environment [17]. According to U.S. EPA report regard to the characteristics of building-related 
construction and demolition debris, there are 27 states out of the total 50 states that have liner 
requirements, and 27 states that have groundwater monitoring requirements. There are only 23 
states that have regulations for C&D landfills. For instance, Florida has the strictest regulations 
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among through the nation. Liners can be required based on the types of waste received, methods 
for controlling the types of waste disposed, the proximity of groundwater and surface water, and 
the results of the hydrogeological and geotechnical investigations by the Florida Department of 
Environmental Protection (DEP). Operators and spotters must be properly trained. Final cover 
must follow a certain standards. In North Dakota, it regulates inert waste landfills, which include 
wastes generated from C&D activities. No formal liner system for inert waste landfills is 
required; groundwater monitoring is not required; operator training is voluntary, and guidelines 
for those programs are available from the North Dakota Department of Health (DOH). Final 
cover must also follow its standards. The reasons of the differences of the states’ regulations may 
be the weather. It is noticed that in the area with higher average annual temperature and annual 
rainfall more requirements are established.  
 
 
Figure 2-3 Summary of State Regulations Related to Construction and Demolition Landfills (Source: U.S. 
EPA, 1998) 
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2.4 Mechanism of Waste Decomposition 
2.4.1 General Anaerobic Decomposition 
Generally, decomposition of solid waste includes physical, chemical and biological processes.  
 Physical decomposition results from the breakdown and movement of the waste 
components by physical degradation and by the rinsing and flushing action of moisture 
movement.  
 Chemical decomposition includes ion exchange, ionization, complexation, acid-base 
reactions, oxidation-reduction, and the precipitation of waste components.  
 Biological decomposition is the dominant decomposition process in a landfill containing 
a high fraction of biodegradable waste. The biological processes include hydrolysis of 
complex organic matter, fermentation, destructive metabolism, sulfate reduction by 
sulfate-reducing bacteria, nitrification, and anaerobic ammonia oxidation [11].  
During biological processes, the biodegradable wastes are converted to two gases: methane (CH4) 
and carbon dioxide (CO2) as well as ammonia and hydrogen sulfide. Pathway of conversion can 
be explained by Equation (1): 
Microorganism + Organic Waste + H2O + Nutrients → CH4 + CO2 + NH3 + H2S + New Cells + Heat + 
Resistant Organic Matter         (1) 
In MSW landfills, five phases have been identified during the previous decomposition studies as 
shown in Figure 2-3 [18]. The phase diagram presents a convenient description of the 
decomposition phases of waste undergoing stabilization in a landfill and the chemical 
characteristics of selected parameters in both leachate and gas [19]. 
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Figure 2-3 Decomposition Phases of Municipal Solid Waste at a Landfill (Source: Pohland and Kim, 1999)  
Phase Ⅰ: Initial adjustment phase (lag phase) 
After the initial placement of fresh waste, the dominant gases are nitrogen and oxygen. However, 
some of the highly biodegradable organic components (e.g., food waste) can be readily 
biodegraded to partially degraded organics, carbon dioxide, water and heat. In this phase the 
waste has not reached field capacity. Preliminary changes in environmental components occur in 
order to create favorable conditions for biochemical decomposition [20]. 
Phase Ⅱ: Transition phase 
A short period of transition from an aerobic to an anaerobic microbial stabilization processes 
takes place. During this phase, biological decomposition occurs under aerobic condition resulting 
in elevation of CO2 concentration. Biodegradable waste or complex organic, such as lipids, 
protein, and polysaccharides, are hydrolyzed to basic structure such as monosaccharides, amino 
acids and related compounds.  
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Phase Ⅲ: Acid phase 
In this phase, the microorganisms ferment the breakdown products from previous step to simple 
organic acids (volatile fatty acids, VFAs) and related products (i.e., chemical oxygen demand) at 
high concentrations. This group of microorganism is called non-methanogenic or acidogenic 
bacteria or acid formers. The pH decreases, accompanied by metal species mobilization.  
Phase Ⅳ: Methane fermentation phase 
The conversion of simple organics to CH4 and CO2 is the predominant event due to strict 
anaerobes, called methanogenic bacteria. The transformation from acetic acid to CH4 and CO2 is 
shown in Equation (2) and (3). The utilization of fatty acids causes the increase of pH value, and 
also supports the growth of microorganisms. COD decreases significantly due to the 
transformation of organic matters in leachate to CH4 and CO2 gas. Metals in the leachate tend to 
decrease because of higher pH value because of complexation and precipitation or transport to 
solid phase.  
CH3COOH → CH4 + CO2        (2) 
4H2 + CO2 →CH4 + 2H2O        (3) 
Phase Ⅴ: Maturation phase 
In the final state of landfill stabilization, nutrients and available substrate become limited, and 
the biological activity shifts to relative dormancy. Gas production drops and leachate strength 
stays constant at a lower level. As gas production ceased, the atmospheric pressure outside of 
landfills will permeate through solid waste, and oxidized species may slowly appear. The slow 
degradation of resistant organic fractions (e.g., tannins, polyphenols, lignin, melanin, humus 
compounds, etc) may continue with the production of humic-like substances [20]. 
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2.4.2 Key Factors affecting Waste Decomposition 
Solid waste decomposition is controlled by numerous factors. Extensive studies have been 
conducted to identify the key parameters that influence the waste stabilization process [18, 21-
23]. pH, moisture content, temperature, waste age, waste depth and waste composition affect the 
decomposition of solid waste decomposition. The optimum ranges of some of the important 
factors are summarized in  Table 2-2 and also discussed as follows [24]. 
 
Table 2-2 Key parameters for waste degradation in landfills 
Influencing factors Optimal ranges/comments 
Moisture Content 55-75% by wet weight 
pH 6.5-7.5 
Temperature 32-38 
Inhibitors Sodium       3500-5500 mg L
-1
 
Potassium  2500-4500 mg L
-1
 
Calcium   2500-4500 mg L
-1
 
Magnesium 1500-3000 mg L
-1
 
Ammonium (total)   1500-3000 mg L
-1
 
Heavy metals: no significant influence 
Organic compounds: inhibitory effect only in significant amount 
2.4.2.1 pH 
pH is one of the most important parameters because it indicates the extent of waste degradation 
in landfills and also controls the chemistry and biological activities. The optimum pH for the 
anaerobic environment ranges from 6.5 to 7.6 [25]. During the process of waste decomposition, 
the prevailing pH is controlled by the interaction between VFAs, alkalinity and partial pressure 
of evolving CO2. The pH is expected to be low during the acid phase due to the formation of 
VFAs, and consequently also a measurable amount of ionized species will appear in the leachate. 
As the degradation goes further, the VFAs will be utilized by mainly anaerobic microorganisms 
and converted to biogas (methane and carbon dioxide), therefore the pH will rise again to values 
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characteristic of bicarbonate buffering systems, and ionized species will be precipitated or 
complexed [26].  
2.4.2.2 Moisture Content 
For most landfills, the moisture content of the waste is another important factor. The higher the 
moisture content, the greater the gas generation rate up to a point. Afterwards, methane 
production rate decreases with even higher moisture content. Moisture content in a conventional 
landfill changes over time whereas for the bioreactor landfill, the moisture content is kept at an 
optimum level to maximize the gas generation. Conventional landfills are operated to minimize 
the amount of moisture infiltrating into the waste (dry cell concept). Landfill bioreactors are 
designed and operated to enhance the biodegradation process by increasing moisture content 
within the landfill. Usually, the moisture content is increased by the addition of water and/or 
recirculation of leachate [27]. The relationship between increased moisture content and rapid 
waste decomposition has been well established [23, 28].  
2.4.2.3 Temperature  
Temperature plays a key role in landfill waste decomposition. The temperature may vary widely 
within one landfill, and is affected by the structure of the landfill (size and height), climatic 
conditions and landfilling operations [29]. The optimum temperature for methane production has 
been reported ranging from 34℃ to 42℃ in landfills [30]. The operation of landfills at optimum 
temperatures will result in faster gas production and refuse stabilization. In addition, the 
transition period from the acetogenic phase to the methanogenic phase can be shortened [31].  
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2.4.2.4 Waste age, Composition, and Depth 
Other than the three factors mentioned above, the decomposition also is affected by waste age, 
waste composition and waste depth. The age of waste reflects the extent of stabilization. As the 
decomposition proceeds, the older waste may have less degradable components and may 
contribute less to the gas emission and leachate generation than fresh waste. In different areas, 
the composition of waste may be different. More fraction of easily biodegradable waste means 
higher moisture content and higher organic content resulting in a quicker degradation. The 
characteristics of leachate may vary with the depth of waste [21, 32].  
2.4.3 Sulfate Reduction in C&D Landfills 
Historically, C&D waste has been considered inert and thus poses a lower risk to human health 
and the environment. The laboratory and field studies about the characteristics of C&D landfill 
leachate have shown that C&D waste may contaminate the environment [5, 6, 8, 11, 33-35]. 
Recently, unregulated C&D landfills have received complaints from neighborhood about the 
odor problems, which indicates that waste decomposition may take place in C&D landfills 
causing the odor problems. Studies have shown that the odor primarily comes from reduced 
sulfur compounds in landfills [9, 36, 37]. Sulfate reduction could be the predominant activity in 
C&D landfills due to the presence of gypsum drywall, which generates reduced sulfur 
compounds. The principle of biological sulfate reduction will be discussed as follows. 
Sulfate reducing bacteria (SRB) are strict anaerobic microorganisms that use sulfate as a terminal 
electron acceptor. They are ubiquitous in anaerobic environment, where they play an important 
role in both the sulfur and carbon cycles. Under anaerobic conditions, for example in landfills, 
SRB reduces sulfate to sulfides in the presence of organic matters. The bicarbonate ion from the 
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conversion of organics by SRB contributes to alkalinity, which affects pH buffering capacity. 
The reaction can be written in equation (4) [38]: 
2(CH2O-R) + SO4
2-
 → H2S + 2(HCO3
-
) + 2R     (4)  
Where, CH2O-R: organic matter 
SO4
2-
: sulfate 
H2S: hydrogen sulfide 
HCO3
-
: bicarbonate 
R: undefined radical 
The disposal of gypsum drywall in C&D landfills has been linked to sulfate reduction. Gypsum 
drywall mainly consists of calcium sulfate (CaSO4·2H2O), which may result in high 
concentration of sulfate when it gets wet. In a reducing environment, sulfate reducing bacteria 
use sulfate as an electron acceptor to produce sulfide, which is highly reactive, corrosive and 
toxic. The sulfur ion establishes equilibrium with hydrogen ion to form three different sulfide 
species (H2S, HS
-
, and S
2-
) at various pH levels (as shown in Figure 2-4). In the pH range of 5.5-
7.5, hydrogen sulfide and hydrogen bisulfide would be the dominant species. The temperature 
also affects the speciation of sulfides [39, 40]. When pH equals 6.5, at 25°C, about 80% of 
sulfide presents as free hydrogen sulfide and about 20% as hydrogen bisulfide, while at 40°C 
about 50% of sulfide presents as free hydrogen sulfide and about 50% as hydrogen bisulfide. 
When the concentration of free hydrogen sulfide exceeds the equilibrium concentration, 
hydrogen sulfide will be released as hydrogen sulfide gas, which is a colorless, poisonous, 
flammable gas with a rotten egg smell and consequently causes odor problems [41]. Human 
health effects of exposure to H2S depend on the concentration of the gas and the length of the 
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exposure. For example, long-term exposure to relatively low concentrations of H2S (ppb range) 
may cause irritation to the eyes, nose, or throat; memory loss; loss of the sense of the smell; loss 
of balance; and difficulty in breathing. Furthermore, the explosive limit for H2S gas in air is low 
and broad (4.3%- 45.5% by volume) which may cause an increase in fire hazard at C&D landfill 
sites [22, 23]. 
 10–20 ppm is the borderline concentration for eye irritation. 
 20 ppm is the acceptable ceiling concentration established by OSHA. 
 50 ppm is the acceptable maximum peak above the ceiling concentration for an 8 hour 
shift, with a maximum duration of 10 minutes. 
 50–100 ppm leads to eye damage. 
 At 100–150 ppm the olfactory nerve is paralyzed after a few inhalations, and the sense of 
smell disappears, often together with awareness of danger. 
 320–530 ppm leads to pulmonary edema with the possibility of death. 
 530–1000 ppm causes strong stimulation of the central nervous system and rapid 
breathing, leading to loss of breathing. 
 800 ppm is the lethal concentration for 50% of humans for 5 minutes exposure (LC50). 
 Concentrations over 1000 ppm cause immediate collapse with loss of breathing, even 
after inhalation of a single breath [42]. 
Moreover, sulfides in the liquid phase cause the precipitation of metals and thus impact the 
leaching characteristics of metals. Several studies have been conducted regarding the odor 
problem by reducing the emission of hydrogen sulfide, such as through landfill covers, reducing 
the amount of drywall landfilled by recycling, and through chemical inhibition to sulfate 
reducing bacteria or mineral adsorption of H2S (i.e., lime and iron oxide) [24-27]. 
  
19 
 
 
Figure 2-4 Speciation of Hydrogen Sulfide at Different pH Levels and Two Different Temperatures 
2.5 Previous Studies 
2.5.1 C&D Leachate 
The characteristics of leachate from C&D landfills have been examined by a few studies. 
Previous research on C&D leachate characterization includes survey studies about the existing 
leachate data from C&D landfills, and field and laboratory studies to identify the potential 
contaminants of groundwater quality from landfilling C&D waste. The following sections 
provided a detailed literature review of C&D landfill leachate studies in the U.S.  
2.5.1.1 Survey Studies 
C&D waste was considered inert in comparison to municipal solid waste. Many of the C&D 
landfills in the U.S. were not constructed with environmental protective measures such as 
leachate collection systems or liners. However, large amounts of the waste can generate leachate 
that affects water quality, and hazardous components may leach out from such materials as lead-
based paint, pipe solder, or plumbing fixtures, treated wood and so on. 
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The U.S. EPA published a survey of “damage cases” for C&D landfills in 1995 [2]. The first 
objective of this survey was to determine whether the disposal of C&D waste in landfills resulted 
in the contamination of groundwater, surface water or ecological resources. The second one was 
to study whether the environmental damages could be attributed to specific aspects of the site, 
such as types of waste received, design and operating practices and environmental 
setting/location. Damage cases were identified from three states: New York, Virginia, and 
Wisconsin. In those damage cases, most of the contamination was associated with inorganic 
constituents, including iron, manganese, total dissolved solids, and lead. This report concluded 
that the contamination from C&D waste may pose a threat to the aesthetic quality of the drinking 
water. However, the insufficient data available (11 damage cases out of a total of approximately 
1,900 C&D facilities) made it difficult to determine whether C&D facilities are posing sufficient 
risk to human health and the environment.  
 
A report prepared in support of a rulemaking presented information on the composition and 
characteristics of the C&D waste stream based on a small number of documents [43]. Based on 
the number of landfills where a benchmark was exceeded, and the difference between the median 
and the benchmark, it is concluded that seven parameters were potentially problematic, including 
1, 2-dichloroethane, methylene chloride, cadmium, lead, manganese, iron, and total dissolved 
solids. It indicated that concentrations of the four parameters including 1, 2-dichloroethane, 
methylene chloride, cadmium, lead in ground water were likely to fall below the health-based 
benchmarks. Although this study utilized a large number of parameters for analysis, the overall 
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sample size of 21 C&D landfills was relatively small in comparison to the approximately 1,900 
C&D landfills across the U.S.  
 
Melendez [33] reviewed the data available about leachate from C&D waste landfills and 
presented a statistical analysis of those data. Based on the results of the statistical analysis, those 
parameters, including methylene chloride, 1, 2-dichloroethane, cadmium, lead, iron, total 
dissolved solids, manganese and sulfate, exceeded either primary groundwater standards, 
secondary groundwater standards, or guidance concentrations for groundwater. Consequently, 
they could pose a threat to human and the environment. 
 
In conclusion, the survey studies demonstrated that the potential contaminations from C&D 
leachate included methylene chloride, 1, 2-dichloroethane, cadmium, lead, iron, total dissolved 
solids, manganese and sulfate. Those parameters may present adverse impacts on human health 
and the environment. However, since regular C&D landfills are not regulated by U.S. EPA, 
leachate collection system and monitoring means are not available in most C&D landfills. In this 
case, the lack of data made it difficult to make a solid conclusion about the leachate 
contamination from C&D landfills. 
2.5.1.2 Field and Laboratory Study 
Ferguson and Male [3] conducted field and laboratory studies to help determine the potential 
water pollution as a result of improperly disposal of C&D waste. This research represented the 
earliest efforts performed by scientists in the field of studying C&D waste. The laboratory study 
included two leaching columns with different compositions of demolition waste. One column 
contained 50% (by volume) masonry waste and only a small fraction of wood while the other 
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one contained 50% (by volume) wood waste and only a small fraction of masonry. The rest 
materials included plaster, roofing, floor tile, ceiling tile, insulation, electrical wiring, cast iron, 
galvanized steel, upholstery, aluminum, and copper. In the field study, nearly all sampling 
locations had surface water streams flowing directly out of buried waste piles with visible 
leachate plumes. Water sampling was conducted from these surface water streams. In this 
research, both field and laboratory results showed high conductivity, alkalinity, and hardness as 
well as high concentrations of iron and manganese. Limitations of this early research included 
the limited parameters monitored.  
 
Townsend and Jang [6] utilized laboratory-scale columns (Lysimeters) filled with C&D waste 
under variable simulated rainfall conditions to examine the chemical characteristics of collected 
leachate. Leachate was measured for pH, alkalinity, total dissolved solids (TDS) and sulfate. 
Experiments were conducted under both flooded and unsaturated conditions with various 
mixtures of C&D waste components placed inside the lysimeters. It was determined that sulfate 
was a major contributor to high levels of TDS in the leachate. Also, lysimeters exposed to 
saturated conditions generated high concentrations of both sulfate and calcium due to the 
presence of gypsum drywall. This study provided a degree of understanding to the possible 
factors and concerns associated with the leachate from in actual C&D landfills.  
 
Weber et. al. [8] conducted a field experiment for residential construction waste collected from 
residential construction sites to characterize C&D leachate. Four construction waste test cells 
were built at the Southwest Landfill site in Alachua County, Florida. A bottom liner and leachate 
collection system were installed in each cell to provide a means of intercepting and collecting 
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leachate. Leachate samples were collected for a number of analysis, including volatile organic 
compound, semi-volatile organic compounds, metals, and conventional water quality parameters.  
In comparison to drinking water standards, a few contaminant concentrations exceeded 
appropriate limits. The constituents included aluminum, arsenic, copper, manganese, iron, sulfate, 
and total dissolved solids. Arsenic, most likely resulting from chromated copper arsenate-treated 
wood was the only parameter that exceeded the primary drinking water standard. Calcium and 
sulfate resulting from gypsum drywall were predominant ions in the leachate. Pollutants in the 
leachate that exceeded the EPA secondary drinking water standards by the greatest magnitude 
were manganese, followed by iron. No volatile or semi-volatile organic compounds were 
detected at elevated levels in the leachate. 
 
Roussat et. al. [34] conducted laboratory tests to analyze leachate qualities utilizing lysimeters 
filled with C&D waste. Comparisons were made to other lysimeters that contained varying 
fractions of C&D waste containing compounds that were known to be hazardous to human health 
and the environment. These hazardous compounds included mercury, lead, polycyclic aromatic 
hydrocarbons and compared to the European Council’s leaching limit for inert wastes at landfills. 
The results of this study concluded that arsenic, fluoride, chromium, cadmium, sulfates, 
dissolved organic carbon (DOC), and PAHs were pollutants that could generate significant 
environmental risk when they were present in the C&D waste stream in levels exceeding 
leaching criteria. This study demonstrated the necessity of removal of hazardous compound prior 
to demolition in order to prevent these harmful pollutants from entering the environment. 
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2.5.2 C&D Gas 
 
Generally speaking, gases from C&D landfills are mainly hydrogen sulfide (H2S), methane 
(CH4), and carbon dioxide (CO2). Methane is produced through anaerobic decomposition of 
organic matter while hydrogen sulfide gas is a product of anaerobic degradation of gypsum 
drywall. Those two anaerobic processes both produce carbon dioxide. Hydrogen sulfide can be 
detected by its rotten egg smell even at very low concentrations. Exposure to hydrogen sulfide 
can cause long lasting health effects, and also can be fatal at high concentrations as discussed in 
section 2.4.3. Beside hydrogen sulfide, C&D Landfills also generate other reduced sulfur 
compounds. Kim [37] documented malodorous sulfur compounds in four MSW landfills, 
including hydrogen sulfide, carbon disulfide, dimethyl sulfide, methyl mercaptan, and dimethyl 
disulfide. These gases ranged from a few ppbv to 1000 ppmv.  
 
Researchers [9] at the University of Florida conducted soil sampling of ten Florida C&D landfills 
to characterize the range and magnitude of reduced sulfur compounds (RSC) concentrations 
within and at the surface of typical C&D debris landfills among different sites and at the same 
site. The most frequently detected sulfur compounds in their investigation included: hydrogen 
sulfide, methyl mercaptan, carbonyl sulfide, carbon disulfide, isopropyl mercaptan, dimethyl 
sulfide, and thiophene. The concentrations of H2S in C&D landfill gas were detected at levels up 
to 12,000 ppmv. Ambient H2S levels were much lower than landfill gases, ranging from 3 ppbv 
to over 50 ppmv. In conclusion, there is a possibility of being exposed to high concentration of 
hydrogen sulfide for workers, who work during excavation or near gas well.  
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Yang et. al. [10] examined the range of H2S concentrations that might occur with a C&D landfill 
and also studied the impact of C&D components (drywall, wood, and concrete) on H2S 
production and fate. PVC columns wih diameters of 10 cm and heights of 90 cm were used to 
conduct the experiment. The concentration of hydrogen sulfide in the column containing only 
drywall reached up to 50,000 ppmv. The results showed that the presence of wood slowed down 
the H2S production by lowering the pH of the leaching solution out of the ideal pH range of 
sulfate reducing bacteria. Concrete plays a role in the reduction of H2S production and it could 
be used as landfill cover to reduce the H2S emission.  
 
Several studies were performed to examine methods of reducing the impact of hydrogen sulfide 
from C&D landfills on human and the environment [27, 31, 32]. In Tolaymat et. al.’s study [33] 
hydrogen sulfide gas generation from drywall was modeled using first-order decay equation and 
several parameters were also considered when modeling its generation rate (i.e. pH, temperature 
and sulfur species partitioning). However, limited data are available for cover designers and 
regulation makers, so further studies need to be performed.   
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3 Methodology 
3.1 C&D Column Description 
C&D column was constructed of alloy stainless steel with a diameter of 2 feet and a height of 10 
feet. Figure 3-1 shows the schematic diagram of the column system. A hydronic heating system 
was wrapped around the column to keep it at 37±3 ℃, an optimum temperature for 
microorganisms [44]. An insulation blanket of 1 inch thick Rubatex® was wrapped around the 
stack to conserve energy. Leachate was collected in a closed stainless steel sump that contained a 
water level controller to start a small air-driven pump that each time pumped 4 liters of leachate 
out to waste container in order to avoid any sulfide inhibition to SRB and methanogens [45-47], 
and also to help with water addition from water addition tank. The column was equipped with 
time-domain reflectometry (TDR) probes, electrodes, thermocouples, gauges, and sensors 
connected to a data acquisition system to automatically monitor the pH, oxidation reduction 
potential (ORP), conductivity, dissolved oxygen (DO), temperature and gas flow rate. Gas 
samples were collected from the top gas sampling port. 
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1- Leachate Collection Sump   
2- Level Probes   
3- Dissolved Oxygen Sensor   
4- Conductivity Sensor   
5- pH Electrode    
6- ORP Electrode      
7- Leachate Circulation Pump  
8- Leachate Valves    
9- Water Addition Tank    
10- Leachate sampling Port   
11- Waste Container 
12- Sump Venting Path 
13- Thermocouples 
14- Gas Sampling Port 
15- Solid Waste Sampling Port 
16- Sensors for Measuring Moisture 
Content 
17- Leachate Circulation Line 
18- Leachate Spray Nozzles 
19- Depth Measuring Sensor 
20- Gas Flow Meter 
21- Top Gas Sampling Port 
Figure 3-1 Schematic Diagram for Lysimeter System 
3.2 C&D Waste Preparation and Loading  
The C&D waste evaluated in this study included concrete, untreated wood, drywall, roofing, 
cardboard, copper, steel, aluminum, and insulation. The composition was the same as that in 
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Jang’s study (shown in Table 3-1) [32]. These waste components were new materials with little 
chance of contamination from trace chemicals (e.g., adhesives, paint). Each component was size-
reduced to 2 by 2 inches to achieve an approximate density of 248 kg m
-3
 with a total volume of 
the waste of 0.826 m
3
 and a headspace of 0.063 m
3
. To ensure a proper mix of the components, 
the C&D waste was loaded as 3 feet lifts. The materials weighted for each lift were mixed well 
by a rotary machine and then were loaded into the column. A compactor press operated by air 
pressure from the laboratory air supply was used to compress the waste after each lift by 
applying a force of 6014 lbs using air pressure of 70 psi  to minimize void space. After filling the 
column, it was sealed and injected with an inert gas (Argon) at a flow rate of 5 mL min
-1 
(gas 
retention time = 123.5 days). This means provided an anaerobic condition to the column, mixed 
the gases generated and helped flush out hydrogen sulfide, which was toxic to SRB and 
methanogens at a high concentration [45, 48, 49]. 7 liters of deoxygenated Milli-Q water was 
added to the top of the stack through a spray nozzle every week to simulate an average annual 
rainfall of 125 cm, which was higher than the average annual rainfall (100 cm) throughout the 
United States. The gases were vented directly to the sewer system of the building after passing 
through the flow meter. 
Table 3-1 Construction and Demolition Waste Composition  
Component Percentage % (by mass) Weight (Kg) 
Concrete 29.2 59.9 
Untreated Wood 33.7 69.1 
Drywall 12.4 25.4 
Roofing 13.7 28.1 
Cardboard 8.0 16.4 
Copper 0.6 1.2 
Steel 1.2 2.5 
Aluminum 0.6 1.2 
Insulation 0.6 1.2 
Total 100 205 
- Assume C&D Waste Density = 248 Kg/m3 
- Volume of the Column = 0.889 m3 
- Volume of the Waste = 0.826 m3 
- Volume of the Headspace = 0.063 m3 
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3.3 Sampling and Analysis 
Gas samples were collected using a 500 mL air-tight syringe from the top gas sampling port of 
the column on a weekly basis at the beginning, and then on a biweekly basis. At a higher range, 
it was analyzed using a gas chromatography equipped with a thermal conductivity detector 
(GC/TCD; Agilent 6980N). At a lower range of concentration (below 20,000 ppmv), hydrogen 
sulfide gas concentration was measured using an Arizona Jerome 631X hydrogen sulfide 
detector (range: 0.003ppm-50ppm).  The Omega® FVL-1619A volumetric flow meter was used 
to record the gas flow. The gas flow rate was logged and the data was displayed directly in an 
Excel
TM
 spreadsheet using RS-232 protocol with a computer running the WinWedgePro
TM
 
software.  
Leachate samples were taken from the sump located at the bottom of the column on a biweekly 
basis. 1 liter of leachate was collected, and pH, conductivity, oxidation-reduction potential 
(ORP), dissolved oxygen (DO), anions, and alkalinity were measured immediately. Sulfide, total 
solids and total dissolved solids were analyzed within one week. A portion of the leachate was 
preserved with acids and stored at 4℃ for chemical oxygen demand (COD), total organic carbon 
(TOC), and cations. The analytical methods used are summarized in Table 3-2. To implement 
quality assurance/quality control (QA/QC) in the analysis, blanks, replicates, and calibration 
checks were performed as appropriate. 
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Table 3-2 Outline of Analysis Methods 
Parameter Instrument Frequency 
pH 
pH electrode and temperature 
electrode 
Daily 
Oxidation Reduction Potential (ORP) ORP electrode Daily 
Conductivity Conductivity electrode Daily 
Dissolved Oxygen (DO) DO electrodes Daily 
Chemical Oxygen Demand (COD) HACH DR890 Colorimeter Biweekly 
Total Organic Carbon (TOC) Shimadzu TOC-V SSM analyzer Biweekly 
Total Solid Oven: EPA method 1684 Biweekly 
Total Dissolved Solid Oven: EPA method 1684 Biweekly 
Alkalinity Titration Biweekly 
Anions (SO4
2-, NO3
-, NO3
-and Cl-) 
Ion Chromatograph (IC), using AS-
18 Dionex chromatography column 
Biweekly 
Sulfide HACH DR890 Colorimeter Biweekly 
RCRA Metals and Ca, Cu, Fe, Mg, 
Al, Ni &Zn 
Thermo Elemental 61 E trace 
analyzer ICP-AES 
Biweekly 
Gas Flow Rate 
Omega® FVL-1619A volumetric 
flowmeter 
Daily 
H2S 
Gas Chromatograph (GC/TCD) 
Agilent 6890 N Series Weekly → 
Biweekly Jerome 631X Hydrogen Sulfide 
Detector 
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4 Results and Discussion 
4.1 Leachate Characteristics  
The leachate samples were collected from the bottom leachate sampling port attached to the 
leachate sump of the column and were analyzed for conventional water quality parameters 
including pH, ORP, DO and conductivity using probes installed in the sump and other 
parameters (e.g., COD, TOC, and TS, etc.) in the labs. The results are presented and discussed in 
the following sections. 
4.1.1 pH, ORP, DO, and Conductivity 
pH, oxidation and reduction potential (ORP), dissolved oxygen (DO) and conductivity were 
measured using probes installed in the sump as shown in the schematic graph of the column. The 
data were collected and saved in EXCEL by WinWedgePro
TM
 Software. Temperature data were 
measured by the thermocouples attached to the column at the top, middle, and bottom, 
respectively, and then were recorded in the EXCEL spreadsheet. The temperature of the column 
was stable at 37±3℃ through the whole experiment (data not shown here). In the first two 
months, no leachate samples could be collected due to the water capacity of C&D materials. 
Starting from the third month, leachate began gradually accumulating in the sump and reached 
the level where all probes were able to be merged in the leachate and consequently data were 
collected and saved.  
As shown in Figure 4-1, dissolved oxygen decreased to a level less than 1 mg/L very quickly, 
indicating that an anaerobic environment was initiated, and then it was constant below 1 mg/L. 
DO values demonstrated that the column was operated under strict anaerobic conditions. pH was 
around 6 initially and then increased progressively from 6.0 to 7.3 until the end of the experiment. 
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pH, as one of the most important parameters, not only controls the chemistry and biological 
activities but also indicates the extent of degradation. In the testing column, as a large amount of 
water was initially added to increase the moisture content, easily soluble components dissolved 
in the leachate, like organics from cardboard, which may lower the pH values. Additionally, once 
sulfate reduction was stimulated, the generation of bicarbonate may be the other reason of the 
decrease of pH. As the degradation proceeded, elements from other C&D materials, like concrete, 
leached out. Those elements, including calcium and silica, raised the pH to a higher level.  
Conductivity measures the ionic content in a solution [50]. In this current study, conductivity 
increased to the peak of 18 mS cm
-1
 in the first 200 days due to the ions like sulfate, calcium, 
potassium and sodium leaching out from C&D materials when Milli-Q water was added through 
nozzles from the top of the column. As those leachable ions gradually became less, conductivity 
slowly declined to 2 mS cm
-1
. Oxidation and reduction potential is a measurement of the 
tendency of a chemical species to acquire electrons [51]. In landfills, reduction condition is the 
predominant condition due to the lack of oxygen. ORP in this study declined dramatically in the 
first 200 days to -400 mV indicating a reduction environment present, which was favorable for 
sulfate reducing bacteria. ORP remained constant at -400 mV till the end of the experiment. All 
of the parameters discussed above demonstrated that the column was operated under strict 
anaerobic condition and the reduction environment provided a favorable environment for sulfate 
reduction. 
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Figure 4-1 pH, Conductivity, Dissolved Oxygen and Oxidation and Reduction Potential Changes as a function 
of Time 
4.1.2 Organic Strength 
Organic matter is one of the most important nutrients for microorganism. Usually, it is used to 
indicate the extent of decomposition, and is measured by chemical oxygen demand (COD), 
biochemical oxygen demand (BOD), and total organic carbon (TOC). The BOD5 test is 
unreliable in some applications when samples contain toxic substances to microorganisms, like 
heavy metal ions and cyanides. When microorganisms are poisoned, they are unable to oxidize 
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organic matters, in which case the BOD5 results become inaccurate [52, 53]. Therefore in this 
study, as the high concentration of sulfides and heavy metals (e.g., copper) may be possible in 
the leachate, leachate samples were analyzed for COD and TOC to evaluate the extent of organic 
matters. As shown in Figure 4-2, the concentration of COD increased during the first 180 days to 
about 12,000 mg/L followed by a trend of decreasing gradually to values below 1,000 mg/L. The 
organics are believed to come from large amounts of cardboard and wood loaded in the column 
and are either converted by sulfate reduction to carbonate or by methanogenesis to carbon 
dioxide. The concentration of TOC was lower than COD with the same trend as COD. TOC 
ranged from 110 mg/L to 2,806 mg/L. The shark peaks for both TOC and COD indicate that 
those tested C&D components have lower fractions of easily biodegradable organics. The 
gradual changes of COD and TOC indicated that the degradation in C&D column was slow, and 
there was no dramatic changes happening during the remainder of the study. 
  
Figure 4-2 Results of Chemical Oxygen Demand and Total Organic Carbon as a function of Time 
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4.1.3 Sulfate and Sulfide 
The presence of gypsum drywall (CaSO42H2O) results high concentrations of sulfate in the 
leachate. Sulfate (SO4
2-
) leaches out when water runs through gypsum drywall and then is 
converted to sulfide by sulfate reducing bacteria in a reduction environment. The solubility of 
calcium sulfate in water at room temperature is around 1,200 mg of SO4
2-
/L. The solubility of 
CaSO42H2O in water is almost the same when the temperature is below 100 °C, so at 37°C, the 
solubility of CaSO42H2O is about 1,200 mg of SO4
2-
/L [54]. As shown in Figure 4-3, sulfate 
concentration increased to its solubility of 1,200 mg/L in the beginning of the experiment, and 
then decreased dramatically to around 200 mg/L in 100 days. The reasons of this change could 
be the activities of sulfate reducing bacteria and also the amount of drywall available and the 
structure of drywall. In addition, since this is a large scale study, the configuration of the column, 
the leaching methodology used, and the possible channeling in the column could be other 
reasons of the decrease of sulfate concentrations.  
 
Sulfide results from sulfate reduction, and it indicates the extent of sulfate reduction. Sulfide was 
analyzed using HACH DR890 colorimeter following HACH Method 8131. This method 
measures the total concentration of free H2S, HS
-
 and acid-soluble metal sulfides (e.g., ZnS) in 
the leachate. Sulfide had a trend of increasing in the first 300 days and then reached the highest 
point with a concentration of 400 mg/L. Sulfide decreased gradually to concentrations below 200 
mg/L in 250 days, and stayed constant at a very low concentration after 600 days. As reported, 
the lethal threshold concentration for juvenile fish varied from 0.0087 mg/L in rainbow trout to 
0.084 mg/L in goldfish [55]. Therefore, high concentration of sulfide in the leachate could be 
very harmful to aquatic livings. The increase of sulfide was mainly due to the strong activities of 
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SRB that converted sulfate to sulfides, and the causes of the decrease may be organics/sulfate 
limitation and metal sulfide formation as discussed in the following section.  
  
Figure 4-3 Sulfate and Sulfide Concentrations as a function of Time 
a) Organics/Sulfate Limitation 
A COD/sulfate ratio of 0.67 in waste streams means that there is theoretically enough sulfate 
available for SRB to completely remove the organic matter. For COD/sulfate ratios higher than 
0.67, the amount of sulfate present in the wastewater is insufficient for SRB to outcompete with 
other microorganisms, which means that sulfate reduction is not the predominant process, and 
there must be other microbial activities (e.g., methanogenesis) [56]. Figure 4-4 shows the 
COD/sulfate ratio changes as a function of time. From this graph, it is noticed that throughout the 
duration of the experiment the ratios were higher than 0.67, which indicated that the organic 
matters in the column could be utilized not only by sulfate reducing bacteria but also by other 
microorganism (most likely methanogens). Therefore, when sulfate was higher in the first 200 
days, the activity of sulfate reduction was strong resulting in the increase of sulfide in the 
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leachate and afterwards lower sulfate concentration resulted weaker sulfate reduction causing the 
drop of sulfide generation. 
b) Metal Sulfide Formation 
As mentioned above, C&D waste also includes metals, such as copper, iron, and so on. The 
production of sulfide promoted the formation of metal sulfides. The precipitation of metal 
sulfides may cause the decrease of sulfide concentration in the leachate. The possible reactions 
are shown as follows. More detailed sulfur discussion was presented in Section 4.2.2. 
H2S ↔ H
+
 + HS
-
 ↔ 2H+ + S2-       (5) 
Fe + H2S → FeS↓ + H2        (6) 
Cu + H2S → CuS↓ + H2        (7) 
Cu
2+
 + HS
-
 → CuS↓ + H+        (8) 
Fe
2+
 + HS
-
 → FeS↓ + H+        (9) 
Cu
2+
 + S
2-
 → CuS↓        (10) 
Fe
2+
 + S
2-
 → FeS↓          (11) 
 
Figure 4-4 The Ratio between Chemical Oxygen Demand and Sulfate as a function of Time 
Chemical Oxygen Demand/Sulfate
Time, days
0 200 400 600 800 1000
C
h
e
m
ic
a
l o
xy
g
e
n
 d
e
m
a
n
d
/S
u
lfa
te
0
10
20
30
40
50
60
  
38 
 
4.1.4 Alkalinity and Chloride  
The results of alkalinity and chloride are presented in Figure 4-5. Alkalinity determins a stream’s 
ability to neutralize acidic pollution from rainwater or wastewater. It is due to carbonates, 
bicarbonates, silicates, borates, ammonia, organic bases, sulfides and phosphates in the landfill 
leachate [57]. In this study, alkalinity demonstrated initially an increasing trend, followed by a 
decrease gradually to about 750 mg/L as CaCO3 after reaching the maximum concentration of 
2,800 mg/L as CaCO3 in the first 180 days. The increase of alkalinity could result from the 
dissolution of those C&D materials and also from the production of bicarbonate and sulfides 
from sulfate reduction. Chloride is the most common element that could be found in solid waste 
degradation process. Chloride had a similar trend to alkalinity: increasing to the highest 
concentration of about 200 mg/L in the first 200 days and then decreased gradually to around 15 
mg/L. Chloride could result from all C&D waste materials and its concentrations were much 
lower than the typical concentrations of MSW leachate (150 mg/L to 4,500  mg/L) due to 
different compositions between MSW waste and C&D waste [58].  
  
Figure 4-5 Chloride and Alkalinity Trends as a function of Time 
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4.1.5 Total solid and Total Dissolved Solid 
Total solids in water include dissolved solid, suspended and settleable solids. Dissolved solids 
usually are particles that will pass through a filter with pores of around 2 microns (0.002 cm) in 
size, including calcium, chlorides, nitrate, phosphorus, iron, sulfur. Suspended solids are 
particles that will not pass through a 2-micron filter, such as silt and clay particles, algae, fine 
organic debris, and so on. As shown in Figure 4-6, total solids and total dissolved solids have 
similar trends as chloride and alkalinity. In the first 200 days, their concentrations dramatically 
increased and then reached the maximum concentration of about 10 g/L followed by a gradual 
drop to 2 g/L. Not like the difference between total solids and total dissolved solids from MSW 
waste decomposition, there is almost no difference between them during the degradation of C&D 
waste. This indicated that there was little suspended solids from C&D landfill leachate and the 
dissolved solids were believed to mainly come from gypsum drywall and concrete [11]. The 
United States established a secondary water quality standard of 500 mg/L for total dissolved 
solids. It is obvious that total dissolved solids exceeded this standard limit throughout the 
experiment and it could be of a concern to the environment.  
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Figure 4-6 Results of Total Solids and Total Dissolved Solids as a function of Time 
4.1.6 Cations 
The cations analyzed in this study consisted of calcium, magnesium, sodium, and potassium. The 
results of those cations are presented in Figure 4-7. Calcium was mainly from the dissolution of 
gypsum drywall and concrete, and its concentrations ranged from 200 mg/L to 1,200 mg/L. The 
concentration increased rapidly in the first 200 days and then decreased continually through the 
remainder of the experiment. Magnesium was mainly from concrete and its concentration 
reached the highest concentration of about 280 mg/L in 100 days, and then it had a decreasing 
trend over time. Potassium increased to about 180 mg/L in the first 200 days, and then gradually 
decreased to about 41 mg/L. Sodium had the same trend as the other cations. It increased to the 
peak concentration of about 780 mg/L and then declined to below 100 mg/L. The concentrations 
of those elements depend on the dissolution of C&D materials in the column, mainly from 
concrete and gypsum drywall. 
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Figure 4-7 The Concentrations of Various Cations as a function of Time 
4.1.7 Metals  
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aluminum. Metals like iron and copper were supposed to be in the leachate due to the presence of 
copper wires and steel in this study. As shown in the Figure 4-8, the concentration of iron was 
around 2 mg/L in the first 800 days and then declined to around 0.5 mg/L. The concentration of 
manganese was relatively high with a peak concentration of about 1.4 mg/L in the very 
Calcium (Ca)
Time, days
0 200 400 600 800 1000
C
a
lc
iu
m
, 
m
g
/L
0
200
400
600
800
1000
1200
1400
Magnesium (Mg)
Time, days
0 200 400 600 800 1000
M
a
g
n
e
s
iu
m
, 
m
g
/L
0
50
100
150
200
250
300
Sodium (Na)
Time, days
0 200 400 600 800 1000
S
o
d
iu
m
, 
m
g
/L
0
100
200
300
400
500
600
700
Potassium (K)
Time, days
0 200 400 600 800 1000
P
o
ta
s
s
iu
m
, 
m
g
/L
0
20
40
60
80
100
120
140
160
180
  
42 
 
beginning and then decreased dramatically. The concentration was relatively high in the 
beginning because of lower pH present. Copper concentration was below the minimum detection 
limit (0.004 mg/L) in the leachate. It is widely known that reduced sulfides react with the 
metallic ions to form insoluble sulfide precipitates under anaerobic conditions. Since reduced 
sulfides were produced in high concentrations as the strong activity of sulfate reducing bacteria 
and the anaerobic conditions prevailed in the column throughout the experiment, it is likely that 
those metals, especially copper, were mostly removed from the leachate by precipitating as a 
colloidal suspension, which is commonly described as black water [11]. This black precipitates 
were observed when leachate samples were collected.  
  
 
Figure 4-8 Iron (Fe), and Manganese (Mn) concentrations as a function of time 
4.1.8 Summary of Leachate Quality 
The leachate results are summarized in Table 4-1. The lowest, highest, and median values are 
shown in this table. A comparison of the leachate results with other results and standards are 
discussed in the following section. 
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Table 4-1 Summary of the Leachate Results in this Study 
Parameter Lowest Highest 
pH 6.07 7.36 
Conductivity, mS/cm 1.44 18.78 
DO, mg/L 0 1.9 
ORP, mV -399 -142 
COD, mg/L 130 11270 
TOC, mg/L 110 2806 
Sulfate, mg/L 38 1276 
Sulfide, mg/L 0.24 395 
Chloride, mg/L 9.72 215.8 
Alkalinity, mg/L as CaCO3 46 2744 
TS, mg/L 0.41 10.65 
TDS, mg/L 0.43 10.62 
Iron, mg/L 0.62 2.51 
Manganese, mg/L 0.26 1.27 
Calcium, mg/L 49.7 1182.2 
Magnesium, mg/L 18.08 267.20 
Sodium, mg/L 19.82 651.56 
Potassium, mg/L 14.67 168.89 
4.1.9 Comparison with other leachate results 
4.1.9.1 Comparison with Jang’s study (2000) 
The leachate results from this study were compared with other C&D leachate studies as well as 
typical MSW leachate characteristics. Jang’s laboratory study was selected for comparison 
because the composition of C&D waste used was the same as that in the current study. First of 
all, experimental conditions were compared from different aspects: column design, operating 
temperature, leaching solution, waste composition, moisture addition methods, and experimental 
period as presented in Table 4-2. From the table, it is noticed that the column in the current study 
was 2 times larger than that in Jang’s study, and also the operating temperatures were different. 
The current study’s temperature was more favorable to microorganisms and stronger biological 
activities were expected. In addition, Jang’s study used synthetic rainwater with a pH of 4.5 
while the current study used deoxygenated Milli-Q water with a neutral pH. Since the pH was 
acidic in Jang’s study, high concentrations of inorganics and metals were expected in the 
leachate. Jang’s study used treated wood, hence heavy metals (e.g., arsenic, chromium) were 
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expected in high concentrations. In the current study, treated wood was not evaluated because 
treated wood has to be disposed in permitted landfills but not regular C&D landfills in order to 
reduce heavy metal leaching, especially arsenic contamination to the environment and human. 
The current study was operated for 1000 days which may provide a better understanding of the 
characteristics of C&D leachate from primary C&D components. 
 
Table 4-2 Comparison of the Experimental Conditions with other Studies 
 Current Study Jang’s Study 
Column 
design 
Diameter, cm 60.96 34.48 
Height, cm 304.8 152.4 (single) / 762 (serial) 
Temperature, °C 37 22 
Leaching 
solution 
Types Milli-Q water  Synthetic rainwater 
pH 6.8 4.5 
Waste composition 
Typical C&D composition 
without treated wood 
Typical C&D composition 
with treated wood 
Moisture 
addition 
methods 
Method unsaturated Half-saturated 
Rate 7 liters per week 12.88 liters per week  
Experimental Period 1000 days 365 days 
 
The experimental results were compared as presented in the Table 4-3. The pH in the current 
study has no difference compared with Jang’s study. In Jang’s study, the predominant processes 
occurring were physical and chemical processes as it was operated under room temperature 
while in the current study intensive biological process occurred due to higher operating 
temperature at 37°C, which resulted in much higher sulfide concentration as well as higher 
alkalinity and total solids throughout the experiment. Other than those three parameters, it is 
noticed that most of the parameters were in higher concentrations than those in Jang’s study, 
including COD, chloride, magnesium, potassium, sodium, and iron. This could be explained by 
the intensive biological activity that promoted the physical and chemical processes, such as 
dissolution of materials, ion exchange, complexation and sorption. 
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Table 4-3 Comparison of Leachate Characteristics Results with Other Studies’ Results 
Parameter 
Current study 
Range 
Jang’s 
single study 
Jang’s serial 
study 
pH 6.0-7.5 6.0-7.1 6.5-7.0 
Conductivity, mS/cm 2-18 1-2 2-4 
ORP, mV -400 - -142 -400-200 -400-200 
Alkalinity, mg/L as CaCO3 46-2800 200-800 200-1200 
TS, mg/L 130-11000 500-2000 1800-3000 
COD, mg/L 200-11300 150-1700 200-600 
Sulfate, mg/L 50-1200 50-600 400-1600 
Sulfide, mg/L 0-400 0-30 0-38 
Calcium, mg/L 50-1200 200-450 400-600 
Chloride, mg/L 10-200 1.5-28 5.1-35 
Magnesium, mg/L 20-280 5-16 20-35 
Manganese, mg/L 0.27-1.26 0.2-1.3 0.4-1.4 
Potassium, mg/L 15-180 2-26 10-40 
Sodium, mg/L 20-700 20-150 50-200 
Iron, mg/L 0.5-2.5 0.1-7.5 0.1-2.26 
Copper, mg/L BDLa BDL BDL 
Note: a. BDL = “Below Detection Limit”. 
 
4.1.9.2 Comparison with Typical MSW leachate quality 
A comparison of the leachate constituent concentrations measured from the C&D simulator with 
typical MSW landfill leachate is presented in Table 4-4. It is observed that most of those 
parameters in the table are in higher concentrations in MSW landfills than those in the current 
study. pH can reach much lower levels in MSW landfills than that in the C&D landfill simulator 
due to the decomposition of large fraction of organic matters, which result from the leaching of 
high molecular weight organic compounds and from byproducts of decomposing biodegradable 
waste. Consequently, lower pH increased the dissolution of cations and metals. Highly 
biologically degradable organic compounds in MSW landfills include food waste, paper, and 
cardboard. Minimally biologically degradable organic components consist of wood, textile, and 
plastics. Among C&D waste materials, cardboard, paper on drywall and wood are the main 
sources of organic matters. However, there is considerably lower percentage of biodegradable 
organic fractions in the C&D waste compared to the MSW waste stream. For sulfate reduction, 
even with higher levels of sulfate in MSW landfills, the competition between methanogens and 
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sulfate reducing bacteria on organic matters causes lower sulfide generation in the leachate. 
Metals are in higher concentrations in MSW landfill leachate. This is due to lower pH that 
accelerates the mobilization of ions. Therefore, C&D waste is not problematic as MSW waste, 
but it could still post a risk to the environment due to high sulfide production. 
Table 4-4 Comparison with the Leachate Results with MSW Leachate Quality 
Parameter Current Study 
Typical MSW 
Leachate Quality[58] 
pH 6.0-7.5 4.5-9 
Conductivity, ms/cm 2-18 2.5-35 
ORP, mV -400 - -142 -500-200 
Alkalinity, mg/L as CaCO3 46-2800 730-15050 
TS, mg/L 130-11000 2000-60000 
COD, mg/L 200-11300 140-152000 
Sulfate, mg/L 50-1200 8-7750 
Sulfide, mg/L 0-400 0-15 
Calcium, mg/L 50-1200 10-7200 
Chloride, mg/L 10-200 150-4500 
Manganese, mg/L 20-280 0.03-1400 
Magnesium, mg/L 0.27-1.26 30-150000 
Potassium, mg/L 15-180 50-3700 
Sodium, mg/L 20-700 70-7700 
Iron, mg/L 0.5-2.5 3-5500 
Copper, mg/L BDLa 0.005-10 
Note: a. BDL = “Below Detection Limit” 
 
4.2 Hydrogen Sulfide Generation from a C&D landfill simulator 
Hydrogen sulfide, the primary cause of odor problems in C&D landfills, is anaerobically 
converted by sulfate reducing bacteria in the presence of sulfate and organics. Its generation in 
C&D landfills is mainly due to the presence of drywall which is mainly comprised of 
CaSO42H2O. Gas composition (a mixture of methane and carbon dioxide) in MSW landfills has 
been studied intensively, but the gas generation associated with C&D waste, especially hydrogen 
sulfide gas has not been evaluated thoroughly. Therefore, the following sections discussed the 
hydrogen sulfide gas evolution from a laboratory C&D simulator along with a discussion of 
sulfate conversion and sulfur balance in C&D landfills. 
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4.2.1 Hydrogen Sulfide Gas Generation  
In C&D waste landfills, sulfate reducing bacteria utilizes sulfate leaching from primarily drywall 
and produces hydrogen sulfide (H2S), a very toxic gas. In this case, gas monitoring and landfill 
covers seem very important to reduce the impact of hydrogen sulfide on the environment and 
human. In the current study, the gas generation from the C&D simulator has been monitored for 
1000 days, which may provide a better understanding of the gas generation trend and the 
maximum sulfate conversion potential in C&D waste landfills under microorganism-favored 
conditions (optimum temperature and high average annual rainfall simulation).  
 
As shown in Figure 4-9, hydrogen sulfide gas had a similar trend to other leachate parameters. At 
Day 200, H2S gas reached the highest concentration of about 80,000 ppmv and then gradually 
declined to lower concentrations (around 1,000ppm). Figure 4-10 presents the relationship 
between hydrogen sulfide gas, sulfate and COD. This indicated that with higher sulfate and 
organic matters in the first 200 days SRB was more active. As the decrease of sulfate and 
organics in the leachate, the activity of SRB decreased resulting in the drop of H2S gas emission. 
Hydrogen sulfide gas measurements started at Day 80 because in the first 2 months the materials 
were too dry to leach enough sulfate and organic matters for SRB and also it took some time for 
SRB to grow. The H2S gas generation rate was shown in the right graph in Figure 4-9 ranging 
from 25 mL day
-1
 to 1200 mL day
-1
. In the first 400 days, the H2S gas generation rates were at a 
very high level, which indicated that the most active period for SRB was the first 400 days. As 
shown in Figure 4-11, the cumulative hydrogen sulfide gas volume throughout the study was 
about 305 liters.  
  
48 
 
  
Figure 4-9 Hydrogen Sulfide Generation from Simulated C&D landfill Conditions 
 
Figure 4-10 The Relationship Between Sulfate, Chemical Oxygen Demand, and Hydrogen Sulfide Generation 
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Figure 4-11 Cumulative Hydrogen Sulfide Volume as a function of Time 
4.2.2 Sulfur Pathway in C&D Landfill  
4.2.2.1 Sulfur Pathways 
The sulfur pathways in C&D landfills can be simplified as follows. Gypsum drywall is the main 
source of sulfur as sulfate. Sulfate leaches out and then is utilized by sulfate reducing bacteria 
resulting in the formation of hydrogen sulfide. Sulfur species in the leachate include free H2S 
(liquid), HS
-
, and S
2-
. As discussed in section 2.4.3, in landfill conditions, since the pH is around 
5.5-7.5, the dominant species of sulfide in the leachate would be free H2S and HS
-
, and because 
pure Argon gas is flushed through the column free H2S evaporates to the gas phase. Figure 4-12 
presents the sulfur pathways in the C&D simulator (pH ~ 5.5-7.5). It demonstrates that the final 
products of sulfate conversion in C&D landfills could be divided into the following parts.  
1) hydrogen sulfide gas released to atmosphere which can be measured by Jerome or GC;  
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2) hydrogen sulfide gas absorbed in porous media which was not measured here and was 
negligible in this study;  
3) free H2S and HS
-
 in leachate which were analyzed as sulfide using HACH DR890 
following HACH Method 8131;  
4) metal sulfides in leachate which were negligible in this study, and metal sulfides in solid 
phase (e.g., CuS and FeS), which were analyzed using ICP;  
5) sulfate in the leachate was measured using IC, and sulfate remaining in solid waste was 
analyzed using ICP. 
 
Figure 4-12 Sulfur Pathways in the Simulated C&D Column 
 
As shown in Figure 4-13, the trends were consistent with the sulfur pathways discussed above. 
Drywall gets wet and sulfate leaches out causing the increase of sulfate in the leachate. The free 
sulfate then is utilized by SRB resulting in the increase of sulfides in the leachate and hydrogen 
sulfide gas production. The increase of sulfate stimulated the activity of SRB causing the 
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increase of sulfides. The peak of sulfate occurred earlier than the peaks of hydrogen sulfide and 
sulfides in the leachate while the peak of hydrogen sulfide occurred earlier than that of sulfides. 
This could be explained as follows: Initially, hydrogen sulfide generation was in lower level. In 
this case, when pure Argon gas was purged through the column, most of hydrogen sulfide could 
be flushed out as hydrogen sulfide gas and then as the concentrations of H2S in the gas phase 
increased the rising partial pressure of hydrogen sulfide resulted in the increase of sulfides in the 
leachate. As the decrease of sulfate, both of hydrogen sulfide gas and sulfides in the leachate 
declined. It demonstrated that the strongest activity of SRB happened during the period of Day 
150 and Day 400 and sulfate is one of the most important substrates for sulfate reducing bacteria 
controlling the activity of sulfate reduction. 
 
Figure 4-13 Sulfate, Sulfide and Hydrogen Sulfide Gas Trends as a function of Time  
4.2.2.2 Sulfur Balance 
Sulfur balance was then calculated. When calculating the sulfur balance, a few assumptions were 
made as follows.  
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1) For the final degraded waste, the sulfur content detected using acid digestion for metals 
was the fraction that reacted with those metals. 
2) Monthly data were used. The concentrations of various sulfur components were assumed 
constant within one month. 
3) Other reduced sulfur compounds except hydrogen sulfide were negligible.  
4) Sulfur content measured in drywall was the content of sulfur as only sulfate. 
5) Sulfides from sulfate reduction included hydrogen sulfide gas, sulfide in the leachate, 
sulfate in the leachate, sulfide fixed in solid phase, and sulfate in drywall. 
The sulfur conversion from sulfate to sulfides in this current study was compared with the results 
from Tolaymat’s study (2013) since the same temperature (37°C) was used in both studies. 
Figure 4-14 shows the sulfur balance results in the C&D landfill simulator. It is observed that the 
recovery of total sulfur before and after experiment was 95% and an estimated total conversion 
rate from sulfate to sulfide was about 32%, where 19% of sulfide was present in solid phase and 
about 11% of sulfide was released to the atmosphere as hydrogen sulfide gas. About 2% of sulfur 
was removed from the column when the leachate was dumped from the waste container to avoid 
the toxicity of sulfide. In Tolaymat’s study, the maximum cumulative H2S volume was about 
3,600 mL and the total amount of drywall used was 140 g, therefore, the conversion rate from 
sulfate to hydrogen sulfide gas here was about 21% and less than 2% of sulfides was removed 
when the leachate was replaced with new deoxygenated Milli-Q water. From these results, it is 
noticed that the majority of sulfide was either in solid phase (most likely as metal sulfides when 
metals (e.g., copper and iron) were present in the landfills) or released as hydrogen sulfide gas to 
the atmosphere. A very small amount of sulfide was in presence as free hydrogen sulfide or 
bisulfide in the leachate. The higher total sulfate conversion rate in the current study (32%) than 
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that in Tolaymat’s study (23%) could be due to more organic materials present in the current 
study including cardboard, wood and paper on the drywall while in Tolaymat’s study only the 
paper on the drywall was the source of organics. Assuming that these 32% of sulfate were all 
converted to hydrogen sulfide gas, hydrogen sulfide generation potential was 40 liters of 
hydrogen sulfide per kg of drywall while it was 31 liters of hydrogen sulfide per kg of drywall in 
Tolaymat’s study. The different hydrogen sulfide generation potentials in those two studies may 
result from column size, the use of argon and different C&D materials used. Moreover, it could 
not be concluded that hydrogen sulfide generation potential from drywall was around the average 
value of 35 liters of hydrogen sulfide per kg of drywall since different types of drywall may have 
different leaching properties and further studies need to be conducted.    
 
Figure 4-14 Sulfur Balance Results in the C&D Simulator 
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4.2.3 Comparison with other studies 
The odor problem was approved to result from sulfur reduced compounds in C&D landfills, 
mainly from hydrogen sulfide. The concentration of hydrogen sulfide concentration was first 
reported by Flynn in 1998 [59]: C&D waste can generate up to 20,000-30,000 ppmv (2-3%) 
concentrations of H2S. Starting from 2000, Townsend’s team studied the hydrogen sulfide gas 
concentrations in C&D landfill gases and the ambient air around C&D landfills [9]. A laboratory 
experiment was also conducted to evaluate the impacts of primary C&D components on 
hydrogen sulfide generation after Jang studied the leachate characteristics from a simulated C&D 
waste landfill [10]. In 2013, Tolaymat et al. used the data from a bench scale study to model the 
hydrogen sulfide generation from only drywall with different sizes [60]. The detailed comparison 
of those studies with the current study was summarized in Table 4-5. 
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Table 4-5 Comparison of Hydrogen Sulfide Gas Data with Other Studies 
 Townsend’s study Tolaymat’s study The current study 
Experiment Condition 
Where 
10 of C&D 
landfills in Florida 
Laboratory 
Column Study: 
Small Scale 
Laboratory Column 
Study: Bench Scale 
Laboratory Column 
Study: Large Scale 
C&D Components used 
in the experiment 
Mostly C&D 
materials as well as 
other non-
putrescible wastes 
(e.g., furniture, 
carpet and yard 
trash) 
Drywall, wood, 
and concrete 
Drywall only 
Typical C&D 
components: 
concrete, drywall, 
wood, cardboard, 
roofing, copper, 
steel, aluminum, 
and insulation 
Column Size Actual landfills 
Diameter: 10cm 
Height: 90cm 
Diameter: 10cm 
Height: 20cm 
Diameter: 60cm 
Height: 305cm 
Temperature 
Atmosphere 
Temperature 
Room 
Temperature 
(~20°C) 
37°C 37°C 
Particle Size Random sizes 2.5×2.5 cm 
9×10 cm, 1×1cm, 
crushed 
5×5 cm 
Moisture Addition Rainwater 
400 mL of 
simulated 
rainwater/week 
250 mL of 
deoxygenated Milli-
Q water/ week 
7 liter of 
deoxygenated Milli-
Q water/week 
Duration of the 
experiment 
One time sampling 
as different sites 
192 days 465 days 1000 days 
Results Comparison 
Hydrogen Sulfide 
Concentration 
Landfill gas: 
3ppbv-12,000ppmv 
Ambient 
gas:3ppbv-50ppmv 
3ppbv-
63,000ppmv 
3ppbv-21,700ppmv 
1,000ppmv-
80,000ppmv 
Hydrogen Sulfide Gas 
Generation Potential 
---- ---- 
31 liters of H2S per 
kg of drywall 
40 liters of H2S per 
kg of drywall 
 
From Table 4-5, it is observed that the concentration of hydrogen sulfide gas from the current 
study was much higher than those in other studies. The reasons might be:  
1) different C&D materials were studied: typical C&D material in this current study with 
more organic materials; 
2) temperature was well-controlled at 37 °C which was favorable for microorganism;  
3) since hydrogen sulfide is heavier than air, the use of argon to flush hydrogen sulfide out 
of the column may potentially help the production of H2S by preventing the 
microorganism from the toxicity of sulfides;  
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The size of the materials seems to have no impact on the production of H2S, which is also 
approved in Tolaymat’s study. From Townsend’s study, it was observed that the ambient H2S 
concentration was much lower than the laboratory results. The landfill covers absolutely help 
reduce the moisture entering the landfill and consequently reduce the generation of hydrogen 
sulfide, and also prevent the emission of H2S to the atmosphere. Additionally, hydrogen sulfide 
gas is diluted after releasing to the atmosphere.  
4.3 Assessment of Environmental Impacts of C&D Waste  
4.3.1 Potential Impacts of C&D Leachate 
The results of the characteristics of C&D waste leachate can be used to determine which 
chemical constituents are likely to pose a threat to groundwater beneath a landfill. The leachate 
quality data were evaluated using primary and secondary drinking water standards to identify 
constituents of possible concerns, which are very frequently adopted as groundwater standards or 
compliance guidelines. The primary drinking water standard is set for health-based reasons, 
while the secondary drinking water standard is a non-enforceable guidelines regarding 
contaminants that may cause cosmetic effects (such as skin or tooth discoloration) or aesthetic 
effects (such as taste, odor or color) in drinking water.  
 
The potential contaminants are summarized in Table 4-6. This study simulated a worst-case 
scenario with optimum temperature for sulfate reducing bacteria and high average annual rainfall, 
which means that the results here showed the most likely contaminants with high concentrations 
from a C&D landfill. Metals, including iron, and manganese exceeded the secondary drinking 
water limits of 0.3mg/L, and 0.05mg/L, respectively. Sulfate in the first 400 days exceeded the 
secondary drinking water limit of 250 mg/L. Sulfate may be a concern in water supplies because 
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of its cathartic effect upon humans when it is present in excessive amounts. Total dissolved 
solids exceeded the secondary drinking water standard limit of 500 mg/L. In this study, all those 
materials were new with little contamination from trace hazardous materials (e.g., paint and 
organic solvent). Therefore, in actual landfills, there may be other contaminants that were not 
discussed in this study. It is concluded from this current study that the leachate from C&D waste 
could pose a threat to groundwater even though those components were new. Since the testing 
column was operated under Mesophilic temperature, the C&D landfills in the area with higher 
atmosphere temperature and higher humidity are more likely to pose a higher risk to the 
environment.  
 
Table 4-6 Potential Leachate Contaminants from the C&D Simulator under Mesophilic Condition 
Contaminants 
Drinking Water 
Standard 
Standard Limit 
(mg/L) 
Range 
(mg/L) 
Iron Secondary 0.3 0.5-2.5 
Manganese Secondary 0.05 0.27-1.26 
Sulfate Secondary 250 
100-1200 (the 
first 400 days) 
Total Dissolved Solids Secondary 500 100-11000 
 
4.3.2 Potential Impact of Hydrogen Sulfide 
The odor issues represent a growing concern in operating C&D landfills. Hydrogen sulfide is a 
colorless and flammable gas (in air), with a rotten egg smell at low concentrations. Gypsum 
drywall, also known as wallboard or sheetrock, is one of the more common components of C&D 
waste. The formation of H2S mainly results from the biological conversion of sulfate from 
gypsum drywall (CaSO42H2O). Hydrogen sulfide is a soluble gas and evaporates from aqueous 
solution into the gas phase when the partial pressure of hydrogen sulfide becomes great enough 
to escape from the liquid phase (vapor pressure = 18.75 × 10
5
 Pa). An aqueous solution will 
dissociate, yielding a hydrosulfide anion (HS
-
) and sulfide ion (S
2-
). Hydrogen sulfide is toxic 
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and its exposure limits include: NIOSH recommended exposure limit (REL): 10ppm, 10-minute 
ceiling; concentration considered immediately dangerous to life and health (IDLH): 100ppm. 
 
In this study, sulfide was detected at high levels once the anaerobic conditions were initiated in 
the column, and hydrogen sulfide gas concentrations were measured in the range from 
1,000ppmv-80,000ppmv. This high level of hydrogen sulfide will pose a very high risk to onsite 
workers and neighbors if not treated properly. Leachate in C&D waste landfills with elevated 
sulfide levels under the anaerobic landfill environments would most likely affect the aesthetic 
quality of groundwater beneath the landfill. Sulfides in the leachate could be harmful to aquatic 
life, especially when in the unionized form. In the case of no landfill covers, when the landfilled 
waste get wet in presence of drywall and organics, hydrogen sulfide would be a big problem to 
the environment, onsite workers and neighborhoods, especially in the area with higher 
temperature and humidity. Moreover, when hydrogen sulfide generation increases, the type and 
thickness of landfill covers should be considered thoroughly.     
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5 Summary and Conclusion 
Construction and demolition waste is a common solid waste, and usually is disposed of in 
unlined C&D waste landfills. Historically, C&D waste landfills are considered inert, so unlike 
municipal solid waste landfills, C&D waste landfills are not regulated by U.S. EPA. However, 
the state and local governments do regulate C&D waste, and the requirements vary from state to 
state. A few studies, including survey studies and field and laboratory studies, have been 
conducted to evaluate the potential contaminants from C&D landfill leachate. The results 
indicated that leachate from C&D landfills may pose risks to the environment. Complaints about 
the odor problems have been received from C&D landfill neighbors. Studies have shown that 
odor problems from landfills mainly result from reduced sulfur compounds, especially from 
hydrogen sulfide, a toxic gas with a rotten egg smell. A small number of studies have 
demonstrated that hydrogen sulfide does exist in C&D landfills and may pose a threat to landfill 
workers and neighbors. However, more characterization data are needed in order to determine 
the true nature of C&D waste degradation, and consequently to help C&D landfill designers, 
operators, and regulators with management strategies. Therefore, the current study was 
performed to characterize C&D waste leachate and hydrogen sulfide generation in a laboratory 
large scale column with a favorable temperature for microorganisms and a high average annual 
rainfall simulation and thus to make assessment of most possible environmental impacts from the 
primary C&D materials.  
 
The column with a height of 10 feet and a diameter of 2 feet was operated under Mesophilic 
condition (37 °C) and a rainfall of 125 cm was simulated (average annual rainfall across the U.S. 
is 100 cm), which simulated the worst-case scenario that may occur in C&D landfills. In this 
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worst-case scenario study, both leachate and gas samples were collected and a number of 
analysis was performed, such as for leachate samples, pH, conductivity, TOC/COD, Alkalinity, 
sulfate, sulfide, metals and so on; for gas samples, gas flow rate and hydrogen sulfide 
concentration.  
 
The leachate results were discussed and then compared with the results from other studies and 
also drinking water standards as well as municipal solid waste leachate qualities. It showed that 
leachate from C&D landfills was less problematic to the environment than that from MSW 
landfills due to simpler composition and lower fraction of biodegradable material present. The 
research, however, demonstrated that unlined C&D waste landfills can negatively impact 
groundwater quality. Those possible contaminants included iron, manganese, sulfate and TDS, 
which exceeded the secondary drinking water standard limits. Moreover, the elevated sulfide 
concentrations in the leachate under this microorganism-favored condition may be very harmful 
to the aquatic living. Therefore, C&D waste landfills would better require groundwater 
monitoring, especially in the area with high temperature and large rainfall.  
 
Sulfate reducing bacteria were more active under this Mesophilic condition, which caused higher 
sulfide concentrations in the leachate compared to other studies, and also higher hydrogen sulfide 
concentrations in the gas phase. The results showed that in the leachate the sulfide level went up 
to 400 mg/L and hydrogen sulfide gas concentration reached up to 80,000ppmv (Concentrations 
over 1,000 ppm cause immediate collapse with loss of breathing, even after inhalation of a single 
breath). Hydrogen sulfide production could be affected by the amount of sulfate from primarily 
gypsum drywall and organics mainly from cardboard and wood; its migration could be affect by 
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the metals (e.g., copper and iron) in C&D landfills. The elevated sulfides concentrations in the 
leachate may be very harmful to the aquatic living and hydrogen sulfide gas may cause severe 
problems to the environment, onsite workers and neighbors. It is most likely that the odor 
problem caused by hydrogen sulfide may be worse in the area with higher atmosphere 
temperature and higher humidity and rainfall. In this case, landfill cover requirements need to be 
more strict and specific treatment strategies are needed to reduce hydrogen sulfide production 
and emission. In addition, before landfill closure, the workers in these landfills must be well 
trained and be aware of the potential risks that hydrogen sulfide may pose.  
 
Overall, this laboratory study did provide more valuable data on C&D degradation, especially on 
hydrogen sulfide generation from C&D landfills. However, the C&D materials used in this study 
were new and unused materials with little contamination from trace amount of materials, like 
paint, organic solvent and heavy metals from electronic equipments, so in odor to fully 
understand the degradation of C&D waste in landfill condition, further studies should be 
conducted with varying waste types, waste sources, waste composition, waste age, temperature, 
moisture and so on. The most important thing is that in areas with high temperature and high 
rainfall, landfill covers, leachate and gas treatment strategies should be paid more attention to.  
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A Appendix 
Table A-1 Leachate Results (Sulfide, alkalinity, TDS, TS, TOC, and COD) 
Cum Time, 
days 
SULFIDE, 
mg/L 
ALKALINITY, 
mg/L 
TDS, 
g/L 
TS,  
g/L 
TOC,  
mg/L 
COD, 
mg/L 
78 2.00 45.81 0.43 0.41 109.81 0.00 
92 0.78 203.62 0.98 0.99 254.67 0.00 
109 90.00 1288.83 5.43 5.50 1362.40 3480.00 
120 104.00 1695.83 5.31 5.24 1232.03 3430.00 
134 106.00 2744.44 10.62 10.65 2298.69 11270.00 
148 264.00 2733.33 9.55 9.46 2806.28 7950.00 
152 180.00 2636.10 9.63 9.63 1992.64 6180.00 
176 180.00 2739.12 6.75 6.88 1992.64 6060.00 
190 127.50 2575.50 7.47 7.93 1990.65 6480.00 
204 167.50 2599.74 7.44 7.54 1757.44 5630.00 
218 157.50 2489.06 7.30 7.44 1699.84 5310.00 
232 270.00 2512.11 7.40 7.54 1785.41 5110.00 
246 305.00 2506.35 7.48 7.67 1607.91 5205.00 
260 375.00 2624.59 6.33 6.63 1572.63 4510.00 
274 185.00 2534.71 5.90 6.20 1579.60 4250.00 
287 395.00 2160.65 3.31 3.63 1205.57 4040.00 
302 270.00 1624.81 5.44 5.51 1287.11 3860.00 
306 210.00 2175.18 5.20 5.51 1049.38 3860.00 
330 221.67 1599.92 5.22 5.36 1097.96 3710.00 
346 245.00 1438.13 4.67 4.56 1203.42 3540.00 
358 300.00 1444.13 4.61 4.62 1220.98 3510.00 
372 215.00 1348.25 4.09 4.31 1179.92 3390.00 
386 278.33 1797.67 4.18 4.27 1133.88 3145.00 
400 245.00 1685.87 4.40 4.14 1095.08 2990.00 
414 265.00 1907.53 4.04 4.13 1122.83 3055.00 
428 240.00 1586.70 3.34 4.03 1089.20 3220.00 
442 210.00 1545.86 3.81 3.91 1062.68 3045.00 
456 150.00 1493.36 3.84 3.93 972.35 2830.00 
470 160.00 1499.20 3.61 3.67 990.04 2825.00 
484 125.00 1483.33 4.07 4.28 1037.80 3090.00 
498 140.00 1672.22 4.73 4.52 1494.22 3320.00 
512 180.00 1455.56 4.00 3.86 1218.98 3350.00 
526 86.67 1400.00 4.03 4.15 1114.95 3110.00 
539 70.00 1294.44 3.54 3.53 1255.99 2920.00 
554 88.33 1244.44 3.58 3.70 874.48 2495.00 
567 40.00 1122.22 3.61 3.67 779.45 2350.00 
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581 78.00 1111.11 2.94 3.02 1222.75 2305.00 
595 20.00 1005.56 3.09 3.38 888.85 2190.00 
610 18.00 1061.00 2.71 2.70 688.50 1930.00 
623 47.00 1083.30 2.60 2.53 567.78 1840.00 
637 34.00 1016.70 2.25 2.28 525.87 1500.00 
650 24.00 1077.80 2.18 2.16 475.70 1750.00 
665 2.37 1055.60 2.11 2.13 520.44 1255.00 
679 7.20 966.70 2.06 2.03 555.98 1205.00 
693 17.92 1261.10 2.31 2.28 677.32 1200.00 
714 12.50 988.90 1.86 1.99 560.33 990.00 
722 25.33 1022.20 1.83 1.90 365.73 1040.00 
736 4.50 944.40 1.85 1.93 343.93 1020.00 
749 5.50 961.10 1.81 1.77 334.25 1250.00 
777 1.50 888.90 1.50 1.60 576.55 760.00 
805 1.05 855.60 1.42 1.40 299.39 560.00 
833 0.60 827.80 1.40 1.38 60.30 180.00 
861 0.75 688.90 1.21 1.19 30.30 130.00 
889 0.24 644.40 1.26 1.23 48.00 250.00 
925 0.74 827.70 1.60 1.68 140.87 350.00 
953 2.90 855.60 1.53 1.60 152.87 500.00 
985 0.74 777.80 1.43 1.52 150.68 470.00 
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Table A-2 Leachate Results (pH, Conductivity, DO, ORP, Chloride, Sulfate) 
Cum Time, days pH Conductivity, ms/cm DO, mg/L ORP, mv Cl, mg/L SO4, mg/L 
78 6.25 5.36 1.20 -146.47 40.87 92.04 
92 6.07 5.16 0.00 -142.66 15.78 102.00 
109 6.29 5.04 0.22 -303.58 62.95 528.67 
120 6.75 4.87 0.00 -330.20 129.36 857.65 
134 6.53 8.31 0.00 -364.61 88.97 653.64 
148 6.52 10.30 0.24 -382.62 186.17 1276.49 
152 6.49 18.78 0.00 -386.64 144.84 674.73 
176 6.46 7.08 0.77 -383.10 215.85 994.20 
190 6.85 6.71 0.00 -391.50 95.46 376.62 
204 6.54 8.04 0.96 -391.91 92.58 334.06 
218 6.63 5.39 0.71 -395.03 73.39 229.45 
232 6.58 6.35 0.00 -396.47 102.73 267.95 
246 6.79 6.24 0.00 -397.93 117.52 299.53 
260 6.68 6.14 0.00 -399.46 53.22 81.93 
274 6.73 5.49 0.00 -372.60 47.90 214.23 
287 6.79 5.33 0.00 -391.63 48.32 281.62 
302 6.99 4.88 0.00 -393.54 65.00 205.67 
306 6.98 5.03 0.00 -391.37 65.00 273.00 
330 6.77 5.14 0.00 -391.69 49.00 368.67 
346 6.87 4.35 0.00 -391.24 50.00 240.33 
358 6.92 4.41 0.00 -390.58 44.38 232.37 
372 6.93 4.06 0.08 -391.44 40.00 194.63 
386 6.91 4.12 0.00 -391.98 38.14 245.78 
400 6.80 3.86 0.08 -392.45 37.02 224.52 
414 6.80 3.92 0.09 -391.88 37.83 152.91 
428 6.65 3.76 0.24 -391.33 68.45 120.35 
442 6.80 3.74 0.15 -388.17 81.00 106.32 
456 6.66 3.87 0.00 -385.39 77.56 123.49 
470 6.97 3.45 0.02 -384.09 98.18 109.50 
484 6.91 3.60 0.00 -382.99 56.88 138.66 
498 6.77 3.69 0.00 -349.04 35.96 142.52 
512 6.90 3.56 0.00 -384.68 40.10 65.80 
526 6.89 3.52 0.00 -386.05 27.20 165.10 
539 6.94 3.19 0.00 -386.74 25.70 185.00 
554 6.95 3.10 0.00 -386.95 28.00 246.00 
567 7.03 3.03 0.06 -378.52 31.00 151.00 
581 6.82 2.91 0.00 -382.92 35.10 112.70 
595 7.24 2.70 0.00 -379.31 20.70 110.40 
610 7.19 2.65 0.00 -378.58 11.07 55.77 
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623 6.97 2.52 0.01 -299.16 11.07 50.45 
637 6.93 2.34 0.15 -311.31 51.97 65.00 
650 7.04 2.21 0.00 -379.31 20.40 71.10 
665 7.32 2.22 0.40 -378.58 40.70 76.50 
679 7.04 2.09 0.38 -330.72 15.30 38.10 
693 7.36 2.70 0.00 -311.73 13.40 41.50 
714 6.92 2.02 0.00 -337.67 14.80 58.40 
722 6.86 1.97 0.06 -347.55 13.10 52.90 
736 7.06 2.05 0.08 -351.71 18.30 141.20 
749 7.02 1.92 0.00 -352.97 14.50 67.80 
777 7.28 1.59 0.68 -356.05 12.90 58.90 
805 7.18 1.68 1.21 -356.33 15.50 68.40 
833 7.35 1.63 1.41 -357.44 15.51 68.41 
861 7.03 1.44 1.06 -357.81 16.88 108.15 
889 6.90 1.50 1.90 -358.51 9.72 142.72 
925 7.29 1.87 0.61 -357.26 12.14 119.00 
953 7.35 1.73 1.29 -364.58 22.17 81.50 
985 7.16 1.65 1.02 -346.27 20.15 80.45 
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Table A-3 Leachate Results (Calcium, Iron, Potassium, Magnesium, Manganese, Sodium) 
Cum Time, days Ca, mg/L Fe, mg/L K, mg/L Mg, mg/L Mn, mg/L Na, mg/L 
78 49.69 1.64 14.67 18.08 0.27 19.82 
92 118.22 1.95 14.76 33.45 0.40 39.91 
109 839.11 2.15 103.11 267.20 0.55 392.89 
120 601.78 2.08 60.27 163.29 0.83 239.11 
134 1146.67 1.40 119.11 238.49 1.27 494.22 
148 1182.22 1.92 139.56 252.89 1.12 583.11 
152 1075.56 2.17 148.44 251.91 0.94 602.67 
176 924.44 1.34 152.89 234.13 0.73 601.78 
190 817.78 2.03 163.56 235.82 0.52 651.56 
204 749.33 1.81 161.78 227.82 0.50 631.11 
218 681.78 1.42 160.00 210.93 0.44 609.78 
232 698.67 2.51 168.89 207.82 0.53 612.44 
246 628.44 0.98 150.22 176.71 0.49 541.33 
260 623.11 2.29 138.67 161.78 0.51 517.33 
274 600.00 2.38 137.78 156.36 0.51 505.78 
287 581.33 1.80 136.00 143.91 0.50 472.00 
302 484.44 1.82 131.56 136.62 0.39 447.11 
306 532.44 1.83 126.22 133.96 0.45 428.44 
330 572.44 1.89 126.22 124.36 0.50 393.78 
346 504.00 1.51 122.67 120.71 0.39 389.33 
358 505.78 1.99 120.89 118.04 0.44 368.89 
372 470.22 2.09 114.67 119.47 0.39 368.89 
386 512.00 2.05 110.22 119.64 0.45 365.33 
400 456.00 1.51 133.33 106.58 0.41 323.56 
414 472.00 1.62 100.44 106.22 0.42 316.44 
428 451.56 1.97 106.67 97.16 0.40 286.22 
442 464.89 1.94 96.00 100.53 0.42 287.11 
456 441.78 2.00 91.56 100.44 0.38 284.44 
470 418.67 2.01 89.78 100.27 0.36 278.22 
484 452.44 1.70 88.00 95.29 0.47 258.67 
498 488.00 1.69 88.18 97.96 0.51 264.00 
512 417.78 1.86 82.49 94.22 0.39 255.11 
526 444.44 2.04 87.56 94.76 0.48 261.33 
539 376.00 2.36 88.36 78.75 0.40 228.44 
554 456.89 1.30 80.00 80.04 0.50 226.67 
567 376.00 1.45 76.62 80.05 0.35 225.78 
581 338.67 1.27 83.82 79.64 0.31 226.67 
595 287.11 2.07 68.53 68.80 0.28 202.67 
610 309.33 1.96 67.73 64.52 0.36 191.11 
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623 304.89 2.15 59.47 58.51 0.40 175.11 
637 285.33 2.11 67.20 55.15 0.37 162.67 
650 241.78 1.35 54.76 49.88 0.33 143.11 
665 285.33 1.80 55.29 46.67 0.52 127.11 
679 262.22 1.91 46.22 47.57 0.47 127.11 
693 166.22 1.68 48.27 45.39 0.27 135.45 
714 213.33 1.86 39.02 40.55 0.38 147.56 
722 256.00 1.67 48.27 45.90 0.47 133.33 
736 282.67 1.73 41.78 48.95 0.40 127.11 
749 264.89 1.80 39.47 43.53 0.43 102.22 
777 241.78 1.48 34.93 41.11 0.38 92.44 
805 240.00 1.62 37.96 39.31 0.40 90.67 
833 231.11 0.83 33.24 44.19 0.32 82.93 
861 198.22 0.76 33.16 47.16 0.27 73.69 
889 184.00 0.66 31.91 49.03 0.27 71.20 
925 243.56 0.74 37.42 48.67 0.31 96.89 
953 230.22 0.62 35.82 43.68 0.27 102.22 
985 231.11 0.65 34.22 41.17 0.30 88.44 
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Table A-4 Hydrogen Sulfide Gas Emission Results 
Cum 
Time, 
days 
H2S, 
ppmv 
H2S, 
% 
Biweekly Average 
Flow rate,  
mL/min 
H2S gas flow rate, 
mL of H2S/day 
H2S 
volume, 
mL 
Cumulative 
H2S Volume, 
mL 
78 28666.00 2.87 5.15 212.51 16576.07 16576.07 
92 21120.00 2.11 5.81 176.74 2474.33 19050.41 
109 34750.00 3.48 6.23 311.89 5302.20 24352.60 
120 44300.00 4.43 7.78 496.30 5459.29 29811.90 
134 72600.00 7.26 7.50 784.46 10982.37 40794.27 
148 82460.00 8.25 7.83 929.75 13016.46 53810.73 
152 80000.00 8.00 6.47 745.22 2980.87 56791.60 
176 70020.00 7.00 6.63 668.55 16045.16 72836.76 
190 77320.00 7.73 5.95 662.04 9268.52 82105.29 
204 75260.00 7.53 6.12 663.73 9292.16 91397.45 
218 72000.00 7.20 6.30 652.70 9137.79 100535.23 
232 70600.00 7.06 7.39 751.56 10521.83 111057.07 
246 65000.00 6.50 6.24 583.66 8171.21 119228.28 
260 60000.00 6.00 7.40 639.78 8956.93 128185.21 
274 52000.00 5.20 6.09 456.13 6385.76 134570.97 
287 48000.00 4.80 7.17 495.30 6438.87 141009.84 
302 50000.00 5.00 10.34 744.66 11169.96 152179.80 
306 62000.00 6.20 8.40 749.93 2999.73 155179.53 
330 58000.00 5.80 12.71 1061.37 25472.95 180652.48 
346 55000.00 5.50 12.81 1014.62 16233.91 196886.39 
358 54000.00 5.40 11.55 897.79 10773.48 207659.87 
372 54000.00 5.40 10.60 824.17 11538.45 219198.31 
386 54000.00 5.40 12.58 977.98 13691.70 232890.01 
400 37333.33 3.73 5.00 268.80 3763.20 236653.21 
414 34000.00 3.40 5.00 244.80 3427.20 240080.41 
428 35000.00 3.50 5.00 252.00 3528.00 243608.41 
442 36000.00 3.60 5.70 295.53 4137.46 247745.87 
456 30000.00 3.00 5.13 221.74 3104.30 250850.18 
470 28000.00 2.80 5.88 236.93 3317.06 254167.23 
484 32000.00 3.20 5.43 250.16 3502.23 257669.46 
498 30000.00 3.00 6.71 289.87 4058.22 261727.69 
512 22000.00 2.20 6.40 202.85 2839.84 264567.52 
526 19600.00 1.96 5.05 142.61 1996.59 266564.12 
539 21000.00 2.10 5.50 166.44 2163.75 268727.87 
554 11000.00 1.10 3.40 53.79 806.86 269534.73 
567 22000.00 2.20 6.67 211.31 2746.97 272281.69 
581 21000.00 2.10 8.60 260.18 3642.49 275924.19 
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595 15000.00 1.50 5.62 121.32 1698.53 277622.71 
610 20000.00 2.00 5.62 161.96 2429.41 280052.12 
623 19000.00 1.90 5.00 136.80 1778.40 281830.52 
637 19000.00 1.90 5.02 137.35 1922.86 283753.38 
650 15000.00 1.50 5.31 114.59 1489.71 285243.09 
665 15000.00 1.50 6.09 131.56 1973.36 287216.45 
679 10000.00 1.00 11.06 159.24 2229.37 289445.82 
693 9000.00 0.90 5.00 64.80 907.20 290353.02 
714 9000.00 0.90 5.00 64.80 1360.80 291713.82 
722 8000.00 0.80 5.00 57.60 460.80 292174.62 
736 5000.00 0.50 5.00 36.00 504.00 292678.62 
749 3500.00 0.35 5.00 25.20 327.60 293006.22 
777 7000.00 0.70 5.00 50.40 1411.20 294417.42 
805 5000.00 0.50 5.00 36.00 1008.00 295425.42 
833 3500.00 0.35 5.00 25.20 705.60 296131.02 
861 7000.00 0.70 5.00 50.40 1411.20 297542.22 
889 17500.00 1.75 5.00 126.00 3528.00 301070.22 
925 5500.00 0.55 5.00 39.60 1425.60 302495.82 
953 4600.00 0.46 5.00 33.12 927.36 303423.18 
985 4350.00 0.44 5.00 31.32 1002.24 304425.42 
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Table A-5 Moisture Content in the Column 
Cumulative 
Time, days 
Volume 
of Water 
Added in, 
liter 
Volume of 
Water 
Taken out, 
liter 
Water 
Balance, 
liter 
Mass of 
Water in the 
column, kg 
Height of 
Waste in the 
Column, cm 
Volume of 
waste in the 
column, liter 
Mass of 
waste in the 
column, kg 
Moisture 
Content, % 
1 95 0 95 95 286.73 825.93 204.83 31.68 
2 7 0 102 102 286.73 825.93 204.83 33.24 
16 9 0 111 111 286.73 825.93 204.83 35.15 
48 7 7 111 111 284.07 818.17 202.91 35.36 
56 7 7 111 111 283.44 816.34 202.45 35.41 
64 7 7 111 111 283.33 816.02 202.37 35.42 
71 7 7 111 111 282.06 812.31 201.45 35.53 
76 7 7 111 111 282.06 812.31 201.45 35.53 
83 7 7 111 111 281.74 811.38 201.22 35.55 
92 7 7 111 111 281.31 810.12 200.91 35.59 
97 7 7 111 111 280.57 807.96 200.38 35.65 
102 7 7 111 111 280.49 807.73 200.32 35.65 
106 7 7 111 111 280.46 807.64 200.30 35.66 
107 15 15 111 111 280.46 807.64 200.30 35.66 
113 7 7 111 111 280.46 807.64 200.30 35.66 
120 7 7 111 111 279.82 805.78 199.83 35.71 
127 7 7 111 111 279.30 804.26 199.46 35.75 
134 7 7 111 111 279.30 804.26 199.46 35.75 
141 7 7 111 111 279.30 804.26 199.46 35.75 
148 7 7 111 111 278.13 800.85 198.61 35.85 
156 7 7 111 111 277.70 799.59 198.30 35.89 
163 7 7 111 111 277.39 798.69 198.07 35.91 
171 7 7 111 111 277.39 798.69 198.07 35.91 
177 7 7 111 111 276.64 796.50 197.53 35.98 
183 7 7 111 111 276.64 796.50 197.53 35.98 
190 7 7 111 111 275.90 794.34 197.00 36.04 
197 7 7 111 111 275.90 794.34 197.00 36.04 
204 7 7 111 111 275.16 792.18 196.46 36.10 
212 7 7 111 111 275.16 792.18 196.46 36.10 
226 7 7 111 111 274.63 790.64 196.08 36.15 
241 7 7 111 111 273.99 788.77 195.61 36.20 
247 7 7 111 111 273.99 788.77 195.61 36.20 
254 7 7 111 111 273.99 788.77 195.61 36.20 
260 7 7 111 111 273.67 787.84 195.38 36.23 
276 7 7 111 111 273.25 786.61 195.08 36.27 
282 7 7 111 111 272.82 785.36 194.77 36.30 
297 7 7 111 111 272.82 785.36 194.77 36.30 
304 7 7 111 111 272.40 784.13 194.46 36.34 
311 7 7 111 111 272.40 784.13 194.46 36.34 
317 7 7 111 111 272.08 783.20 194.23 36.37 
323 7 7 111 111 272.08 783.20 194.23 36.37 
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331 7 7 111 111 272.08 783.20 194.23 36.37 
338 7 7 111 111 272.08 783.20 194.23 36.37 
346 7 7 111 111 271.65 781.94 193.92 36.40 
355 7 7 111 111 271.65 781.94 193.92 36.40 
367 7 7 111 111 271.65 781.94 193.92 36.40 
374 7 7 111 111 271.34 781.04 193.70 36.43 
381 7 7 111 111 271.34 781.04 193.70 36.43 
388 7 7 111 111 271.34 781.04 193.70 36.43 
395 7 7 111 111 271.34 781.04 193.70 36.43 
402 7 7 111 111 271.34 781.04 193.70 36.43 
410 7 7 111 111 271.34 781.04 193.70 36.43 
418 7 7 111 111 271.34 781.04 193.70 36.43 
423 7 7 111 111 271.02 780.11 193.47 36.46 
430 7 7 111 111 271.02 780.11 193.47 36.46 
436 7 7 111 111 270.91 779.78 193.39 36.47 
444 7 7 111 111 270.91 779.78 193.39 36.47 
465 7 7 111 111 270.49 778.56 193.08 36.50 
472 7 7 111 111 270.49 778.56 193.08 36.50 
479 7 7 111 111 270.49 778.56 193.08 36.50 
486 7 7 111 111 270.49 778.56 193.08 36.50 
493 7 7 111 111 270.49 778.56 193.08 36.50 
500 7 7 111 111 270.27 777.92 192.92 36.52 
518 7 7 111 111 270.06 777.31 192.77 36.54 
531 7 7 111 111 269.74 776.37 192.54 36.57 
535 7 7 111 111 269.32 775.15 192.24 36.61 
542 7 7 111 111 269.32 775.15 192.24 36.61 
549 7 7 111 111 269.32 775.15 192.24 36.61 
556 7 7 111 111 269.32 775.15 192.24 36.61 
570 7 7 111 111 269.00 774.21 192.00 36.63 
591 7 7 111 111 268.58 772.99 191.70 36.67 
598 7 7 111 111 268.58 772.99 191.70 36.67 
605 7 7 111 111 268.26 772.05 191.47 36.70 
612 7 7 111 111 268.26 772.05 191.47 36.70 
619 7 7 111 111 268.26 772.05 191.47 36.70 
626 7 7 111 111 268.26 772.05 191.47 36.70 
633 7 7 111 111 267.62 770.19 191.01 36.75 
639 7 7 111 111 267.62 770.19 191.01 36.75 
647 7 7 111 111 267.62 770.19 191.01 36.75 
654 7 7 111 111 267.62 770.19 191.01 36.75 
660 7 7 111 111 267.62 770.19 191.01 36.75 
668 5 5 111 111 267.62 770.19 191.01 36.75 
675 7 7 111 111 267.62 770.19 191.01 36.75 
682 7 7 111 111 267.62 770.19 191.01 36.75 
689 7 7 111 111 267.51 769.87 190.93 36.76 
696 7 7 111 111 267.51 769.87 190.93 36.76 
703 7 7 111 111 267.51 769.87 190.93 36.76 
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710 7 7 111 111 267.20 768.96 190.70 36.79 
716 7 7 111 111 267.20 768.96 190.70 36.79 
724 7 7 111 111 267.20 768.96 190.70 36.79 
731 7 0 118 118 267.20 768.96 190.70 38.22 
738 7 0 125 125 267.20 768.96 190.70 39.59 
745 7 14 118 118 267.20 768.96 190.70 38.22 
766 7 0 125 125 267.20 768.96 190.70 39.59 
773 7 0 132 132 267.20 768.96 190.70 40.90 
780 7 0 139 139 267.20 768.96 190.70 42.16 
787 7 0 146 146 266.77 767.71 190.39 43.40 
794 7 0 153 153 266.77 767.71 190.39 44.56 
801 7 0 160 160 266.77 767.71 190.39 45.66 
808 7 20 147 147 266.77 767.71 190.39 43.57 
839 0 12 135 135 266.77 767.71 190.39 41.49 
869 0 0 135 135 266.77 767.71 190.39 41.49 
892 7 0 154 154 266.13 765.84 189.93 44.78 
899 7 4 157 157 266.13 765.84 189.93 45.25 
906 7 0 164 164 266.13 765.84 189.93 46.34 
913 7 0 171 171 266.13 765.84 189.93 47.38 
920 7 0 178 178 266.13 765.84 189.93 48.38 
927 7 0 185 185 266.03 765.55 189.86 49.35 
934 7 36 156 156 266.03 765.55 189.86 45.11 
941 7 0 163 163 266.03 765.55 189.86 46.19 
948 7 0 170 170 266.03 765.55 189.86 47.24 
955 7 0 177 177 265.60 764.29 189.55 48.29 
962 7 20 164 164 265.60 764.29 189.55 46.39 
969 7 0 171 171 265.60 764.29 189.55 47.43 
983 7 0 178 178 265.60 764.29 189.55 48.43 
Note: 
Assumption: the density of the waste did not change in the column, which equals 230kg/m. 
Calculation: Moisture Content = Mass of Water in the column / (Mass of Water in the column + Mass of the Waste in the column) * 100% 
 
